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solely	 PFG	NMR	based	 technique	 for	measuring	 the	molecular	 displacements	of	 these	
species	 at	 varying	 length-scales.	 This	 enabled	 the	 characterisation	 of	 self-diffusion	
regimes	across	zeolite	beds	and	within	individual	zeolite	crystallites.	The	characterisation	
of	 self-diffusion	processes	within	 single	 zeolite	 crystallites	was	 critical	with	 respect	 to	
accounting	for	quantitative	discrepancies	reported	 in	the	 literature	between	PFG	NMR	
and	 alternative	 measurement	 techniques.	 This	 approach	 also	 revealed	 that	 the	
transitions	in	the	Gaussian	probability	distributions	of	the	molecular	displacements	in	the	
aforementioned	 self-diffusion	 regimes	 could	 be	 recorded	 by	 varying	 the	 experimental	
time-scale	for	observing	molecular	motion.	This	technique	was	extended	to	characterise	
the	self-diffusion	processes	of	the	aforementioned	hydrocarbons	in	small	(≤	1	µm)	and	
large	 (≥	15	µm)	 zeolite	 crystallites	 to	 investigate	 the	dependence	of	 this	 technique	on	
zeolite	geometry.	It	was	found	that	the	self-diffusion	coefficients	within	single	crystallites	
were	in	good	agreement	with	one	another,	despite	their	differing	crystallite	geometries.	
This	 technique	 was	 subsequently	 used	 to	 study	 the	 self-diffusion	 behaviour	 of	 two-
component	 hydrocarbon	 gaseous	 mixtures	 with	 differing	 sorption	 properties	 co-




This	 thesis	 also	 describes	 the	 self-diffusion	 of	 ammonia	 in	 small	 pore	 chabazite	
structures,	which	are	 typically	used	 in	Selective	Catalytic	Reduction	 (SCR)	processes.	 It	
was	found	that	the	self-diffusion	coefficient	of	this	strongly	adsorbing	species	increased	
with	molecular	 loading	up	 to	a	 certain	point.	 This	peculiar	behaviour	 implied	a	 strong	
concentration	and	inter-molecular	dependence	within	the	zeolite	structure.		
Lastly,	the	techniques	which	were	developed	at	high	magnetic	field	strengths	(300	MHz)	
were	 transferred	 to	 a	 lower	 field	 strength	 (43	 MHz)	 benchtop	 spectrometer	 at	 the	
Johnson	Matthey	Technology	Centre	(JMTC).	This	describes	the	first	characterisation	of	
mass	 transport	 behaviour	 of	 weakly	 interacting	 sorbates	 in	 zeolites	 using	 a	 portable	













































































































































































































FWHM,	∆=	 Full	width	at	half	maximum	[Hz]	>	 Magnetic	field	gradient	with	a	negative	amplitude	[T	m-1]	?"	 Background	gradient	[T	m-1]	g	 Magnetic	field	gradient	with	a	positive	amplitude	[T	m-1]	ℎ	 Planck’s	constant	[J	s]	B	 Spin	quantum	number	[-]	C*+	 Rate	of	transfer	of	species	A	per	unit	area	(Molar	flux)	[mol	m-2	s-1]		D	 Adsorption	equilibrium	constant	[-]	E+	 Boltzmann’s	constant	[J	K-1]	F	 Net	magnetisation	or	bulk	magnetic	moment	[T]	G*	 Molecular	weight	[g	mol-1]	GH,I	 Magnetisation	in	the	x-y	plane	[T]	GJ	 Magnetisation	along	the	z-axis	[T]	




P	 Angular	momentum	[J	s]	Q	 Adsorbed	pressure	[bar]	R"	 Reference	pressure	[bar]	R. 	 Conditional	probability	that	a	molecule	moves	from	a	given	region	[-]	R#' 	 Population	of	molecules	in	region	one	[-]	R(' 	 Population	of	molecules	in	region	two	[-]	R#	 Manifold	pressure	[bar]	R(	 NMR	tube	pressure	[bar]	R62S	 Gas	phase	population	[-]	pU	 Partial	pressure	of	component	V	[bar]	W	 Dynamic	reciprocal	space	vector	[m-1]	X	 Gas	constant	[J	mol-1	K-1]	X#	 Longitudinal	relaxation	rate	[s-1]	(Z' − Z)( 	 Root	mean	squared	displacement	in	three	spatial	dimensions	[m]	r	 Distance	travelled	by	spins	between	gradient	pulses	[m]	^	 Radius	of	diffusing	species	[m]	
r.f	 Radiofrequency	[-]	
_^51,	 Pore	radius	[m]	` `"	 Normalised	signal	intensity	in	a	PFG	NMR	experiment	[-]	
SNR	 Signal-to-Noise	Ratio	[-]	




c	 Longitudinal	storage	time	interval	in	a	PFG	NMR	experiment	[s]	c#	 Spin-lattice	(longitudinal)	relaxation	time	constant	[s]	c(	 Spin-spin	(transverse)	relaxation	time	constant	[s]	c('	 Reversible	spin-spin	relaxation	time	constant	[s]	c(∗	 Total	apparent	spin-spin	relaxation	time	constant	[s]	ce	 Quadrupolar	relaxation	time	constant	[s]	
TR	 Recycle	time	[s]	fb 	 Delay	time	between	180°	and	90°	pulses	in	c#-c(	pulse	sequence	[s]	f_g4S,	 Duration	of	r.f.	pulse	[s]	=	 Thermal	velocity	[m	s-1]	=#	 Manifold	volume	[m3]	=(	 NMR	tube	volume	[m3]	=a	 Total	volume	occupied	by	zeolite	powder	in	NMR	tube	[m3]	=h	 Monolayer	volume	[m3]	=J	 Zeolite	bed	volume	[m3]	(i' − i)( 	 Root	mean	squared	displacement	in	the	i-direction	[m]	
	 	














Over	 80%	 of	 industrial	 processes	 utilise	 heterogeneous	 catalysis	 (Bravo-Suarez	 et	 al.	
2013).	Diffusion	plays	a	critical	role	in	such	processes	as	it	is	often	the	rate	limiting	step	
in	determining	product	formation	and	distribution,	as	illustrated	in	figure	1.1.	Therefore,	
understanding	 the	 molecular	 dynamics	 of	 industrially	 relevant	 catalytic	 systems	 is	
paramount	 with	 respect	 to	 optimising	 catalytic	 efficacy.	 The	 applicability	 of	
heterogeneous	 catalysts	 for	 certain	 industrial	 processes	 is	 governed	 by	 the	 process	
operating	conditions,	the	phase,	size	and	surface	interactions	of	the	feedstock	material(s)	










porous	 materials	 into	 three	 groups	 based	 on	 their	 pore	 size	 as	 elucidated	 in	 figure	 1.2:	
microporous,	mesoporous	and	macroporous	 (Sing	et	al.	 1984).	 These	materials	 are	 ideal	
candidates	for	industrial	catalytic	processes,	either	as	support	or	catalyst	materials,	due	
to	 their	 pore	 structures	 and	 large	 geometric	 volumes.	 These	 properties	 enable	 vast	
quantities	 of	 feedstock	 to	 be	 converted	 into	 specific	 and	 desirable	 products.	 Macro-
porous	materials	are	typically	used	in	applications	which	involve	the	formation	of	large	and/or	
aromatic	 compounds	 such	as	Friedel-Crafts	alkylation	processes	 (Chiu	et	al.	 2004).	Recent	
advances	in	regenerative	medicine	have	also	shown	that	macroporous	materials	are	excellent	









are	 particularly	 adept	 at	 performing	 such	 tasks	 due	 to	 their	 geometric	 structure	 and	
thermal	stability,	in	which	the	latter	is	a	fundamental	porous	material	characteristic.	This	
is	because	industrial	operations	typically	occur	at	elevated	temperatures	and	pressures.	
Microporous	 zeolites	 are	 often	 referred	 to	 as	 “molecular	 sieves”	 as	 they	 possess	 a	
“shape-selective”	quality.	 This	 implies	 that	 the	 geometry	of	 the	 zeolite	may	guide	 the	
formation	 of	 certain	 products,	 whilst	 inhibiting	 the	 formation	 of	 undesirable	
intermediates	and/or	by-products	(Rollmann	1977).	An	example	of	this	is	typified	by	the	




MTO	 process	 typically	 uses	 a	 microporous	 Silica-Alumina-Phosphorous	 material	 of	 a	
particular	pore	size	(such	as	SAPO-34),	which	is	introduced	in	chapter	7.	Alternatively,	a	
Zeolite	Socony	Mobil-5	(ZSM-5)	material	which	possesses	a	pentasil	ring	structure	with	a	
Mordenite	 Framework	 Inverted	 (MFI)	 framework	 is	 used	 (Yarulina	 et	 al.	 2016).	 Both	
materials	possess	pore	windows	which	are	less	than	5.5	Å	in	diameter,	which	are	connected	
to	larger	cages	and	intersecting	channels	respectively,	possessing	large	pore	volumes	which	
exceed	0.17	cm3	g-1	 (Krishna	2012).	Therefore,	 light	olefins	and	 light	aliphatic	components	
may	pass	through	the	channels	of	the	materials,	since	they	do	not	exceed	4.9	Å	in	diameter	































be	summarised	by	the	following	equations	(Arnarson	et	al.	2017):	4Mxy + 4MN + N( → 	4M( + 6x(N	 1.1	







Optimising	 the	 efficacy	 of	 microporous	 zeolites	 by	 comprehensively	 characterising	 the	
molecular	dynamics	processes	of	the	molecules	involved	in	SCR	is	therefore	of	considerable	
















of	 gaseous	 and	 adsorbed	 phase	 species	 in	microporous	 chabazite	 (CHA)	 and	β-zeolite	
(BEA)	 frameworks.	 The	 particular	 focus	 is	 on	 the	 characterisation	 of	 the	 different	




materials.	 Additionally,	 the	 aim	 of	 this	 thesis	 is	 to	 improve	 insights	 into	 the	 large	
disparities	 reported	 in	 the	 literature	 for	 the	 self-diffusion	 coefficients	 of	 molecules	
adsorbed	 in	 microporous	 zeolites	 characterised	 using	 alternative	 measurement	
techniques.	
One	 of	 the	 many	 advantages	 of	 working	 with	 an	 industrial	 collaborator	 (Johnson	
Matthey)	included	benefiting	from	their	industrial	expertise	with	respect	to	performing	
complete	 porous	 material	 characterisation.	 This	 included	 conducting	 gas	 sorption	
isotherm	studies,	Scanning	Electron	Microscopy	(SEM),	X-Ray	Diffraction	(XRD)	and	X-ray	
Photoelectron	 Spectroscopy	 (XPS)	 techniques.	 These	 characterisation	 methods	 were	
carried	out	prior	to	the	PFG	NMR	experiments.	Another	advantage	included	the	use	of	a	
43	 MHz	 benchtop	 NMR	 spectrometer,	 which	 enables	 the	 techniques	 developed	 at	 a	
higher	 magnetic	 field	 strength	 to	 be	 transferred	 to	 study	 the	 diffusion	 of	 the	









Chapter	1	provides	background	 information	 into	 the	different	classifications	of	porous	




Chapter	 3	 is	 a	 literature	 survey	 of	 the	 various	 types	 of	 diffusion	 processes	which	 are	
typically	 found	 in	 porous	 materials	 and	 the	 techniques	 used	 to	 characterise	 them.	
Comparisons	are	drawn	between	the	different	techniques,	in	addition	to	detailing	their	






Chapter	 5	 concerns	 the	 development	 of	 a	 solely	 PFG	 NMR	 based	method	 capable	 of	
characterising	the	diffusion	regimes	of	gaseous	and	liquid	phase	molecules	in	large	pore	




1H-2H	 NMR	 relaxometry	 is	 also	 performed	 using	 protonated	 and	 deuterated	 guest	
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Nuclear	 magnetic	 Resonance	 was	 developed	 in	 the	 1940s	 to	 initially	 study	 the	 chemical	
compositions	of	samples	(Bloch	1946;	Purcell	1946).	NMR	was	subsequently	advanced	in	the	
1970s	 (Lauterbur	 1973;	Mansfield	 1976)	 into	 a	 non-invasive	 imaging	 technique	 known	 as	
Magnetic	Resonance	 Imaging	 (MRI)	and	 is	widely	 recognised	as	one	of	 the	most	powerful	




























































= = k!"2 		 2.5	
	
The	 electromagnetic	 frequency	may	 also	 be	 expressed	 as	 an	 angular	 frequency,	 which	 is	
known	as	the	Larmor	frequency:	 v" = 	k!"		 2.6	
	
The	 populations	 of	 the	 α-	 and	 β-energy	 states	 when	 placed	 in	 a	 static	 magnetic	 field	 at	



















aligned	 in	 the	 direction	 of	 the	 applied	magnetic	 field,	 with	 the	 net	magnetisation	 in	 the	















The	 NMR	 experiment	 is	 based	 on	 the	 excitation	 of	 individual	 nuclear	 spins	 (and	 thus	
effectively	 the	 bulk	magnetisation	 vector,	F)	 from	 thermal	 equilibrium	 and	 subsequently	
detecting	their	eventual	return	to	equilibrium.	In	a	typical	NMR	experiment,	a	cryogenically	
cooled,	 superconducting	magnet	 is	 the	 source	of	!".	Applying	a	magnetic	 field,	!#,	which	



















Consequently,	 the	 magnetisation	 vector,	F,	 tips	 away	 from	 thermal	 equilibrium	 and	
eventually,	via	unrestricted	precession	at	v",	returns	to	its	equilibrium	position.	This	process	
induces	an	oscillating	current	in	the	r.f.	coil,	which	is	detected	as	an	NMR	signal.	The	oscillating	
signal	 in	 the	 time	 domain	 is	 known	 as	 a	 Free	 Induction	 Decay	 (FID)	 and	 upon	 Fourier	
transformation,	yields	a	frequency	domain	NMR	spectrum.	The	interaction	between	the	spin	
ensemble	in	the	static	magnetic	field,	!",	and	the	oscillating	field,	!#,	may	be	described	using	
the	 rotating	 frame	 of	 reference	 and	 classical	 mechanics.	 The	 magnetic	 moment	 may	 be	
related	to	an	aligning	torque	and	is	expressed	as:	8F8f = 	kF×!	 2.8	
	
The	solution	to	equation	2.8	in	which	!	is	a	magnetic	field,	which	for	a	given	amplitude	of	!"	
yields	 a	 precession	 of	 the	magnetisation	 at	 the	 Larmor	 frequency:	v" = 	k!"	 (Lauterbur	
1973).	Applying	a	transverse	magnetic	field,	!#,	oscillating	at	v"	results	in	the	simultaneous	
precession	 of	 the	 magnetisation	 vector	 about	!#.	 The	 amplitude	 of	 the	 induced	 field	 is	
significantly	lower	than	!",	and	therefore	precession	about	!#	is	much	slower	than	that	about	!".	The	complex	motion	of	F	about	!"	and	!#	which	arises	due	to	the	interaction	of	the	two	
magnetic	 fields	 is	 referred	 to	as	nutation	and	 is	often	simplified	using	a	 rotating	 frame	of	
reference	as	an	example.	The	rotating	frame	of	reference	rotates	around	the	!" 	field	at	the	
Larmor	frequency.	The	angle,	â,	by	which	the	magnetisation	vector	rotates	is	dependent	on	

























demonstrates	 that	 the	 effective	 field	 which	 is	 aligned	 with	 the	 direction	 of	 the	 constant	!ä	field	is	equal	to:	!" − v k.	
The	application	of	an	r.f.	pulse	which	is	on	resonance,	in	which	v = 	v",	results	in	rotation	
about	 the	 applied	!#	field	 only,	 in	 which	 there	 is	 no	 z-component	 in	 the	magnetic	 field.	
However,	 the	 application	 of	 an	 off	 resonance	 r.f.	 field	 causes	 the	 rotating	 frame	
magnetisation	 to	 possess	 a	 residual	 component	 in	 the	 z-direction,	 resulting	 in	 the	
magnetisation	to	precess	about	an	effective	magnetic	field	gradient,	which	is	the	vector	sum	

































its	 equilibrium	 position.	 Relaxation	 describes	 the	 precessional	 motion	 whereby	 the	
magnetisation	vector	emits	excess	energy	and	eventually	returns	to	its	equilibrium	position.	





returns	 to	 its	 equilibrium	 position	 along	 the	 z-direction,	 i.e.	 parallel	 to	 the	 static,	
homogeneous	field.	This	symbolises	the	exchange	of	energy	which	is	absorbed	as	a	result	of	
the	excitation	pulse.	Spin-lattice	relaxation	is	also	referred	to	as	 longitudinal	relaxation,	c#	
relaxation	 or	 signal	 recovery.	 According	 to	 Bloch	 theory	 of	 NMR,	 the	 restoration	 of	 the	








8GJ8f = 	− (GJ −	G")c# 	 2.10	
	
Using	initial	conditions	of	GJ 	(f	=	0)	=	-GJ 	(0),	the	solution	to	the	differential	equation	is:	
GJ f = 	GJ 0 :ÑR − fc# +	G" 1 − :ÑR − fc# 	 2.11	
	
where	GJ 0 	 is	 the	 longitudinal	 magnetisation	 at	 f = 0.	 The	c#	relaxation	 time	 constant	
represents	the	time	needed	for	GJ	 to	change	by	63%,	and	 is	dependent	on	the	molecular	
structure	and	the	 lattice	structure.	 It	may	also	be	affected	by	a	number	of	 factors	such	as	
temperature	 and	 viscosity,	 and	 tends	 to	 range	 from	milliseconds	 to	 tens	 of	 seconds.	 The	
addition	of	paramagnetic	species	(e.g.	Gd3+,	Mn2+)	to	samples	may	significantly	reduce	c#,	by	
















Plotting	 the	 z-component	 of	 the	 magnetisation	 vector	 as	 a	 function	 of	 f	 enables	 the	
determination	of	the	c#	time	constant	by	fitting	to	the	following	function:	




pulse.	 This	 governs	 the	 period	 of	 time	 over	 which	 a	 signal	 may	 be	 observed	 in	 an	 NMR	
experiment,	 as	 the	 superposition	 of	 spins	 with	 an	 equal	 and	 opposite	 phase	 negate	 one	
another.	This	results	in	an	exponential	decrease	in	the	observed	signal	intensity,	which	may	
be	described	by	 the	c(	 time	constant.	Unlike	 spin-lattice	 relaxation,	 this	process	does	not	




1993).	The	evolution	of	the	magnetisation	in	the	transverse	plane	is	expressed	by:	8GH,I8f = −GH,Ic( 	 2.13	
	
The	solution	to	this	differential	equation	is:	
GH,I(f) = GH,I 0 exp − fc( 	 2.14	c(	is	commonly	measured	using	either	a	Hahn	echo	(Hahn	1950)	or	Carr-Purcell-Meiboom-
Gill	 (CPMG)	 (Carr	and	Purcell	 1954;	Meiboom	and	Gill	 1959)	pulse	 sequence,	as	 shown	 in	
figure	 2.6.	 Both	 techniques	 are	 based	 on	 the	 concept	 known	 as	 a	 spin	 echo.	 The	 former	
involves	 the	application	of	a	90°	pulse	 followed	by	a	180°	pulse	after	a	 time,	r.	The	 latter	
involves	the	application	of	a	series	of	refocusing	180o	pulses	after	the	initial	90°	excitation	
pulse,	with	shorter	time	delays.	The	advantage	of	the	CPMG	pulse	sequence	over	the	Hahn	







































c(∗ = 	 1∆=	 2.17	
	
For	 homogeneous	 systems	 such	 as	 liquids	 (with	 a	 single	 resonance	 frequency),	 c(∗	 will	
approach	 the	c(	 of	 the	 liquid.	 In	 heterogeneous	 systems,	 such	 fluids	 confined	 in	 porous	
media,	phase	boundaries	which	exist	give	rise	to	small	magnetic	field	gradients	which	lead	to	












The	 local	 field	 varies	 from	one	 spin	 to	 another	 and	 therefore	 the	precession	 frequency	 is	
slightly	different	for	each	spin.	The	consequence	of	this	is	that	the	precession	frequencies	of	
the	 individual	 moments	 will	 be	 out	 of	 step	 with	 one	 another.	 The	 main	 cause	 of	 these	
fluctuations	in	local	magnetic	fields	at	a	nucleus	is	rotational	motion	of	the	molecule,	referred	
to	as	molecular	tumbling	motion.	The	characteristic	time	for	this	motion	may	be	defined	as	
the	 rotational	 correlation	 time,	rí.	 This	 corresponds	 to	 the	 average	 time	 required	 for	 a	
molecule	 to	 undergo	 a	 rotation	of	 one	 radian	 from	 its	 starting	 position.	According	 to	 the	
Bloembergen-Purcell-Pound	(BPP)	theory	of	relaxation,	both	c#	and	c(	relaxation	constants	












system	 interacts	with	 surrounding	environment.	 This	 interaction	may	be	 thought	of	 as	an	
exchange	of	energy	between	the	magnetic	energy	of	 the	spins	and	 the	energy	of	 thermal	








be	 considered	 as	 one-dimensional	 experiments,	 whereby	 the	 signal	 recovery	 and	 decay	
respectively	are	recorded	as	a	function	of	time.	However,	it	is	possible	to	combine	both	pulse	
sequences	 as	 to	 conduct	 both	 experiments	 in	 two	 dimensions,	 whereby	 the	 signals	 are	












example	 of	 a	 2D	c#-c(pulse	 sequence,	 whereby	 the	 inversion	 recovery	 and	 CPMG	 pulse	
sequences	are	combined.	The	time	delay	between	the	initial	180°	and	90°	pulses,	fb,	may	be	
varied,	which	 thus	makes	 the	 signal	 sensitive	 to	c#.	Altering	 the	number	of	echoes	 in	 the	






Figure	 2.10	 shows	 an	 example	 of	 a	 typical	c#-c(	 plot,	which	 illustrates	 that	 a	 distribution	






























in	similar	fashion	to	collisions,	 induces	relaxation.	 In	contrast	to	dipole-dipole	 interactions,	
increases	 in	 the	 spin	 rotation	 rates	 are	 observed	 with	 an	 increase	 in	 temperature	 and	
decreases	in	viscosity	and	pressure.	NMR	probe	molecules	such	as	CH4	follow	this	relaxation	
mechanism	(Mason	1987).	




electric	 field	 gradients	 caused	 by	 molecular	 motion	 induces	 transition(s)	 between	 the	














by	 neighbouring	 electrons.	 This	 shielding	 effect	 therefore	 alters	 the	 magnetic	 field	







Chemical	 shifts	 are	 often	 used	 to	 gain	 insights	 into	 the	 structures	 of	 molecules	 as	 it	 is	
determined	by	the	chemical	environment(s)	which	are	present	in	a	molecule.	It	is	defined	as	
the	difference	between	the	resonance	frequency	of	the	nucleus	of	interest,	=/,	and	that	of	
TMS,	=ñóò,	in	units	of	parts	per	million	(ppm):	l__h = 	=/ − =ñóò=ñóò 	×	10ô	 2.20	
2.5.2.	1H	and	2H	NMR	
The	1H	nucleus	is	the	most	widely	used	nucleus	in	NMR	spectroscopy	due	to	its	high	natural	
abundance	 (99.98%)	 and	 high	 NMR	 sensitivity.	 Qualitative	 information	 regarding	 (bio)-
chemical	samples	may	be	inferred	from	the	number	of	NMR	resonances	in	the	system,	which	
corresponds	 to	 the	 number	 of	 environments	 present.	 Quantitative	 information	 may	 be	
obtained	 using	 the	 relaxation	 corrected	 peak	 intensities	 and/or	 peak	 areas	 of	 NMR	
resonances,	whereby	examples	will	be	shown	in	chapter	4,	as	this	directly	corresponds	to	the	
number	of	protons	present	in	a	sample.	














via	 the	 application	 of	 pulsed	 magnetic	 field	 gradients.	 Figure	 2.11	 illustrates	 the	
principles	involved	in	a	PFG	NMR	experiment,	using	a	sample	tube	filled	with	water	as	an	




are	 completely	 rewound	 and	 the	 spins	 revert	 to	 their	 initial	 position	 and	 no	 signal	
attenuation	is	observed.	In	instances	where	there	is	motion,	the	phase	decoding	gradient	
does	 not	 completely	 rewind	 the	 spins	 and	 those	 spins	 which	 have	 moved	 to	 a	 new	
position	have	a	net	phase	shift.	Subsequently,	the	net	phase	shift	is	recorded	for	random	








This	procedure	 is	 repeated	with	 increasing	pulsed	 field	gradient	amplitudes.	The	acquired	











diffusion	coefficient	of	a	species:	``" = 	:ÑR −k(l(g(& ∆ − l3 = exp	 −$& 		 2.21	
	
where	l	is	the	duration	of	the	pulsed	magnetic	field	gradient,	k	is	the	gyromagnetic	ratio,	g	 is	 the	 amplitude	 of	 the	 pulsed	 magnetic	 field	 gradient	 and	∆	 is	 the	 time	 frame	 in	
between	the	gradient	pulses	and	may	be	referred	to	as	an	“observation	time”,	“diffusion	
time”	or	“contrast	time”.	The	k(l(g( ∆ − l 3 	variables	are	referred	to	as	a	“b-factor”	
in	 this	 thesis	 for	 convenience.	 The	 gradient	 strength	 is	 typically	 varied,	 whilst	 the	
observation	 time	 and	 gradient	 pulse	 duration	 are	 kept	 constant,	 to	 ensure	 that	 the	























































gradient.	 After	 a	 time	 interval,	r,	 magnetisation	 possesses	 x-	 and	 y-components	 and	 the	



























figure	 in	2.16.	 Ignoring	the	effects	of	background	gradients	and	flow,	 the	b-factor	 for	 this	
pulse	sequence	is	given	by:	
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relevance	 to	 the	 bulk	 and	 adsorbed	 phase	 (gaseous)	 systems	 used	 in	 this	 thesis	 are	 also	
















guest	 molecules	 will	 be	 used	 to	 study	 the	 molecular	 dynamics	 behaviour	 in	 the	
aforementioned	porous	materials,	as	industrial	processes	such	as	SCR	occur	in	the	gas	phase.	
However,	as	mentioned	in	chapter	1,	section	1.1,	MNH	will	be	replaced	with	CH4	as	both	gases	
possess	 similar	 transport	and	adsorption	properties	 in	 large	pore	 zeolites	 (McDaniel	et	al.	
1996).	
In	nano-porous	materials,	 the	dominating	diffusion	mechanism	and	the	rate	of	mobility	of	
adsorbed	 gaseous	 molecules	 is	 dependent	 on	 the	 geometry	 of	 the	 host	 porous	 material	
(provided	that	the	gas	pressure	is	significantly	lower	than	the	saturation	pressure).		
Large	 pore	 structures	 such	 as	 macro-porous	 materials	 promote	 molecule-molecule	
interactions,	and	thus	molecular	diffusion	is	the	dominant	mechanism.		
With	decreasing	pore	size,	 the	number	of	collisions	with	the	pore	wall	 increases,	until	 the	
pore	size	becomes	smaller	than	the	mean	free	path	of	the	gas	molecules.	The	mean	free	path	
is	 the	 average	 distance	 that	 a	molecule	 travels	 between	 two	 collisions.	 Once	 this	 occurs,	
Knudsen	 diffusion	 is	 the	 dominant	 mechanism	 and	 molecular	 mobility	 in	 mesoporous	
materials	is	governed	by	the	size	of	the	pore.	This	concept	was	originally	presented	by	Martin	
Knudsen	in	1909	as	a	means	of	characterising	molecular	flow	with	respect	to	the	mean	free	
path	 available	 for	 molecular	 transport	 (Knudsen	 1909).	 Figure	 3.1	 shows	 a	 simple	
representation	of	this	behaviour.	The	Knudsen	diffusion	coefficient,	&3,	can	be	calculated	via:	














travel	 in	 “single-file”	 as	 they	 are	 unable	 to	 pass	 one	 another	 in	 narrow	 pore	 structures.	
However,	 since	 the	 zeolites	 used	 in	 this	 thesis	 were	 three-dimensional	 structures,	
configurational	diffusion	will	not	be	discussed	further.		
Figure	3.2	illustrates	the	typical	diffusion	mechanisms,	orders	of	magnitude	of	diffusivity	and	




















often	 referred	 to	 as	 mutual	 or	 binary	 diffusion.	 Fickian	 diffusion	 describes	 the	 isotropic	
process	in	which	the	presence	of	a	concentration	gradient	enables	molecular	transport	to	and	
from	 regions	 with	 differing	 chemical	 environments.	 Although,	 from	 a	 thermodynamic	
perspective,	it	is	the	presence	of	a	chemical	potential	gradient	which	enables	transport.	Using	
Fick’s	 laws	 of	 diffusion,	 it	 is	 possible	 to	 relate	 the	 net	 rate	 of	 transport	 to	 concentration	
gradients.	Starting	with	Fick’s	1st	law	of	diffusion,	a	binary	system	of	species	û	and	Ö	has	a	net	
molecular	transport	rate	of:	
C*+ = 	−&*+ 8%.8Ñ 	 3.2	
	
Where	 C*+	 is	 the	 rate	of	 transfer	per	unit	 area	 (molar	 flux),	%	 is	 the	 concentration	of	 the	
diffusing	 species	 and	Ñ	 is	 the	 spatial	 dimension	 across	 the	 concentration	 gradient	profile.	
Since	by	definition	the	transport	process	from	region	û	to	region	Ö	and	vice	versa	is	a	mutual	
process,	 the	 diffusion	 coefficients	 to	 and	 from	 region	 û	and	 Ö	 are	 equal	 to	 one	
another:	&*+ = &+*.	The	negative	sign	arises	due	to	diffusion	occurring	in	the	direction	which	
















The	 concentration	 profile	 of	 a	 substance	may	 also	 be	 tracked	 using	 labelled	 atoms.	 This	
process	is	referred	to	as	tracer	diffusion	and	describes	the	spontaneous	mixing	of	molecules	















force	 for	molecular	 transport	 is	 the	 concentration	of	 species	û.	However,	 the	 true	driving	





gas.	 This	 equation	 is	 also	 applicable	 for	 non-gas	 phase	 species,	 since	 equilibrium	 vapour	
pressures	give	an	accurate	representation	of	a	species’	thermodynamic	behaviour.	Therefore,	
the	 relationship	 between	 the	 Fickian	 diffusion	 coefficient	 and	 the	 corrected	 diffusion	
coefficient,	&",	is	obtained	by	modification	by	a	thermodynamic	correction	factor	and	is	given	
by:	
& =	&" ∂ ln R.∂ ln %. = &" %.R. ∂R.∂%. 	 3.5	
	
where	%. 	 is	 the	 concentration	 of	 component	 V.	 In	 systems	 where	 adsorption	 in	 porous	
materials	occurs,	%. 	may	be	replaced	with	W. 	which	is	the	adsorbed	phase	loading.	By	applying	




Self-diffusion	 describes	 the	 process	 whereby	 molecular	 transport	 of	 molecules	 occurs	 at	
equilibrium,	in	the	absence	of	a	chemical	potential	gradient	(Einstein	1905).	In	section	3.3.1,	




results	 in	 molecular	 motion	 which	 eventually	 reaches	 a	 concentration	 equilibrium.	 Once	
equilibrium	 is	established,	 self-diffusion	occurs	due	 to	a	 spontaneous	mixing	of	molecules	
induced	by	intermolecular	collisions.	This	occurs	due	to	a	phenomenon	known	as	Brownian	
motion,	which	is	the	nexus	between	the	random	motion	of	particles	and	temperature.		
The	 origin	 of	 random	motion	 dates	 back	 to	 the	 19th	 century,	whereby	 Ludwig	 Boltzmann	
theorised	that	the	effect	of	temperature	was	apparent	in	the	random	motion	of	atoms	and	
particles.	Boltzmann	proposed	that	for	every	independent	molecular	motion,	there	exists	an	
equal	 distribution	 of	 kinetic	 energy	 proportional	 to	 temperature.	 A	 century	 prior	 to	
Boltzmann’s	proposal,	Daniel	Bernoulli	applied	Newtonian	mechanics	to	describe	the	concept	










would	 flow	 from	a	 colder	 temperature	 to	 a	 hotter	 temperature,	 if	 the	 theory	was	 in	 fact	
reasonable.	 Boltzmann	 responded	 by	 explaining	 that	whilst	 such	 behaviour	would	 not	 be	
impossible,	it	would	not	be	probable	since	a	large	number	of	molecules	would	be	involved	in	
this	 process.	As	 such,	molecules	would	be	 characterised	en	masse	 and	would	 thus	 follow	
conventional	thermodynamic	behaviour.	However,	recent	studies	have	shown	that	a	reversal	
of	this	expected	trend	is	indeed	possible	in	systems	with	a	small	number	of	molecules	(Wang	
et	 al.	 2002).	 Boltzmann’s	 statistical	 mechanics	 are	 widely	 considered	 as	 one	 of	 the	
fundamentals	 of	 modern	 physics.	 The	 constant	 of	 proportionality	 for	 equipartition,	
Boltzmann’s	constant,	is	thus	named	as	an	homage	to	its	pioneer.	







an	 optical	 microscope.	 This	 migration	 process	 is	 referred	 to	 as	 a	 “random	 walk”	 as	 the	
molecules,	 under	 unrestricted	 conditions,	 do	 not	 have	 a	 preferred	 direction	 of	 motion.	
Einstein	subsequently	theorised	that	whilst	the	pollen	grains	were	large	enough	to	be	seen	
through	 a	microscope,	 they	were	 sufficiently	 small	 as	 to	 succumb	 to	 the	 influence	of	 the	
random	 thermal	 motion	 of	 the	 surrounding	 water	 molecules.	 Further,	 Jean	 Perrin’s	






Supported	 by	 Brown’s	 observations,	 Einstein	 numerically	 showed	 that	 random	molecular	
displacements	 may	 be	 expressed	 as	 a	 probability	 density,	 which	 follows	 Fick’s	 laws	 of	




on	 the	 position	 of	 the	 particle	 before	f".	 This	 is	 referred	 to	 as	 a	Markovian	 process	 and	
therefore	it	is	possible	to	calculate	the	probability	of	various	displacement	paths	in	a	stepwise	
manner.	The	time	dependent	solution	of	this	probability	density	is	obtained	by	a	Dirac	delta	
function	 and	 enables	 this	 function	 to	 be	 expressed	 in	 terms	 of	 a	molecular	 displacement	
length.	This	expression	is	referred	to	as	a	Root	Mean	Squared	Displacement	(XG`&),	which	
describes	the	distance	that	a	molecule	travels	in	a	given	timeframe.	In	a	PFG	NMR	experiment,	
this	 timeframe	 is	 equal	 to	 the	 observation	 time,	 ∆,	 specified	 in	 the	 pulse	 sequence.	
The	XG`&	is	given	by	the	Einstein	relation:	(i' − i)( = 	 2&∆	 3.6	
	
where	 i'	 is	 the	 final	 position	 of	 the	molecules,	 i	is	 the	 initial	 position	 and	&	 is	 the	 self-





the	 solution	 to	 the	 probability	 density	 for	 self-diffusion	 follows	 a	 Gaussian	 probability	
distribution.	 The	 time	dependence	of	 this	 function	 is	 illustrated	 in	 figure	 3.4,	 in	which	 an	
increase	 in	 time	 results	 in	 the	 preservation	 of	 the	 continuous	 Gaussian	 distribution	 of	








Hence,	 a	 PFG	 NMR	 experiment	 does	 not	 measure	 a	 self-diffusion	 coefficient.	 Rather,	 it	
measures	 a	 stochastic	 molecular	 displacement	 based	 on	 the	 aforementioned	 conditional	
probability,	by	labelling	the	initial	and	final	positions	(and	thus	the	net	phase	shift)	of	NMR	
active	nuclei.	If	a	Gaussian	distribution	is	observed	with	respect	to	the	signal	attenuation,	the	
(normalised)	 signal	decay	 is	proportional	 to	 the	 self-diffusion	coefficient.	As	mentioned	 in	
chapter	 2,	 the	 acquired	 time	 domain	 signal	 decay	 from	 an	 NMR	 experiment	 is	 Fourier	
transformed	 to	 yield	 a	 frequency	 domain	 spectrum.	 The	 Fourier	 transform	 of	 a	 Gaussian	













referred	 to	as	 the	Gaussian	phase	approximation.	At	 short	observation	 times,	 a	negligible	
number	of	spins	interact	with	the	surface	of	the	porous	material	and	thus	it	is	assumed	that	
they	 do	 not	 contribute	 to	 the	 observed	 net	 phase	 shift	 during	 a	 PFG	 NMR	 experiment.	
Therefore,	the	displacement	pathways	for	each	particle	are	uncorrelated	from	one	another	
and	the	motion	of	the	molecules	follows	a	random	walk	model,	resulting	 in	the	molecular	
displacements	 following	 a	 Gaussian	 probability	 distribution.	 As	 the	 observation	 time	
increases	and	the	molecular	displacements	approach	the	porous	material’s	geometric	size,	
molecular	 motion	 transitions	 to	 a	 correlated	 profile,	 and	 hence	 follows	 a	 non-Gaussian	
distribution,	 whereby	 a	 porous	 material’s	 structure	 significantly	 influences	 molecular	
displacement	 pathways.	 This	 is	 typically	 present	 in	 the	 form	 of	 curvature	 in	 an	 echo	
attenuation	 plot,	 giving	 rise	 to	 the	 presence	 of	 multiple	 diffusion	 coefficients.	 However,	
further	increasing	the	displacement	length,	by	selecting	large	observation	times,	enables	the	








For	 molecular	 displacements	 in	 the	Ñ, ©	and	i-dimensions,	 as	 is	 the	 case	 with	 diffusion	









Contrary	 to	 Fickian	 diffusion,	 self-diffusion	 processes	 are	 not	 associated	 with	 a	 net	 flux.	
Additionally,	in	two-component	systems	where	the	diffusing	species	are	inherently	different	
to	one	another,	the	self-diffusion	coefficients	of	both	species	are	not	equal	to	one	another.	




& =	E+c%™^ 	 3.8	
	
where	E+	is	Boltzmann’s	constant,	c	is	the	temperature,	™	is	the	shear	viscosity	and	^	is	the	


























two-component	mixture	 of	 ethane	 and	 benzene	 confined	 in	 zeolite	 NaX	 is	 shown	 in	 the	
literature	(Pampel	et	al.	2006).	The	PFG	NMR	data	were	fitted	to	equation	3.9	to	obtain	two	
separate	 self-diffusion	 coefficients.	 It	 was	 found	 that	 ethane	 was	 the	 faster	 component		
(&S,4-	 =	 3.3	 ×	 10-10	m2	 s-1)	 and	 thus	 its	 signal	 attenuated	more	 quickly	 in	 comparison	 to	
benzene	which	was	less	mobile	(&S,4-	=	0.9	×	10-10	m2	s-1)	and	attenuated	more	slowly.		
3.4.2.	Chemical	exchange	
Chemical	 exchange	may	be	a	 source	of	 curvature	 in	 aqueous	 systems	 that	 are	 capable	of	
forming	hydrogen	bonds,	particularly	ionic	and	acidic	liquids.	“Proton	conduction”	may	occur	
in	 such	 systems	 which	 results	 in	 anomalously	 fast	 self-diffusion	 due	 to	 intra-	 and	 inter-
molecular	 transport	 processes.	 The	 former	 involves	 the	 addition	of	water	 to	 the	 aqueous	




protons	 (Vilčiauskas	 et	 al.	 2012).	 The	 latter	 involves	 polar	 and/or	 acidic	 liquids	 that	 are	
confined	in	highly	acidic	porous	materials	forming	hydrogen	bonds	with	surface	silanol	groups	
and/or	Brønsted	acid	sites.	This	may	also	result	in	a	transfer	of	protons	through	the	hydrogen	










Adsorption	 and	 capillary	 condensation	 are	 common	 sources	 of	 multi-phase	 behaviour	 in	
heterogeneous	 catalysis	 and	 diffusion	 processes.	 The	 presence	 of	 gas	 and	 liquid	 phase	







pore	 geometry.	 For	 example,	 some	molecules	may	 adsorb	onto	 the	pore	 surface	 and	 are	
therefore	in	the	liquid	phase,	whereas	some	molecules	may	occupy	the	spaces	in	between	
the	adsorption	sites	and	are	therefore	present	in	the	vapour	phase.	This	effect	is	particularly	
appreciable	 in	 operando	 PFG	 NMR	 studies	 of	 heterogeneous	 processes	 which	 occur	 at	
elevated	temperatures	and	pressures.	The	NMR	signal	from	the	vapour	phase	molecules	is	
typically	 lower	 than	 their	 adsorbed	 phase	 counterparts	 for	 equivalent	 concentrations,	 for	
reasons	 which	 will	 be	 described	 in	 chapter	 4.	 However,	 it	 is	 possible	 to	 detect	 and	




in	 1	 wt	 %	 Pd/â-Al2O3	 catalyst	 trilobes.	 The	 self-diffusion	 coefficients,	 1	 ×	 10-9	m2	 s-1	 and		












of	pore	 sizes.	Consider	 the	diffusion	of	 a	molecule	with	a	 critical	diameter	of	0.6	nm	 in	a	
hierarchical	 pore	 system	with	micropore	 and	mesopore	 diameters	 of	 0.7	 nm	 and	 20	 nm	
respectively.	 Molecules	 in	 the	 micropores	 are	 restricted	 to	 a	 greater	 extent	 and	 small	
molecular	 displacements	 may	 be	 observed.	 In	 comparison,	 molecules	 confined	 in	 the	
mesopores	are	constrained	to	a	lesser	degree	and	therefore	larger	molecular	displacements	
may	 be	 observed.	 Hence,	 two	 separate	 self-diffusion	 coefficients	 may	 be	 obtained	
corresponding	 to	 the	 two	 different	 geometric	 regions	 (Schneider	et	 al.	 2016).	Many	 real-





exchange	 may	 occur	 between	 the	 two	 physical	 regions	 at	 equilibrium.	 When	 applied	 to	
gaseous	 systems	 confined	 in	 microporous	 zeolites,	 these	 two	 regions	 correspond	 to	 the	
internal	and	external	crystalline	regions	of	the	zeolite	structure	(Kärger	et	al.	1988).	In	fast	
exchange	cases	at	equilibrium,	the	 internal	crystalline	self-diffusion	coefficient	 is	weighted	






















Varying	 the	 observation	 time	 in	 PFG	 NMR	 experiments	 plays	 a	 critical	 role	 in	 observing	
molecular	exchange	in	large	crystallite	zeolite	systems.	Short	observation	times	enable	the	
characterisation	of	molecules	in	the	intra-crystalline	region,	as	the	XG`&	of	molecules	may	
be	 limited	 to	 a	 single	 crystallite	 in	 certain	 cases.	 Increasing	 the	 observation	 time,	 which	
subsequently	increases	the	XG`&	of	the	guest	molecule,	enables	molecules	to	travel	through	
the	permeable	zeolite	structure.	Consequently,	 the	signal	 from	the	molecules	 in	the	 inter-










be	 suitable	 as	 it	 does	 not	 account	 for	 the	 exchange	 process.	 It	 has	 been	 shown	 that	 a	
numerical	model	which	incorporates	PFG	NMR	parameters	may	be	used	to	characterise	the	
self-diffusion	 coefficients	 between	 the	 inter-	 and	 intra-crystalline	 regions.	 This	 model	
(hereafter	referred	to	as	the	Kärger	model)	uses	equation	3.9	as	a	platform	and	incorporates	
additional	 parameters	 which	 approximate	 the	 populations	 and	 residence	 times	 of	 the	
molecules	 in	 both	 regions	 (Kärger	 et	 al.	 1988).	 The	 Kärger	 model	 also	 estimates	 the	
probabilities	 of	 molecules	 moving	 to	 and	 from	 differing	 zeolite	 regions,	 based	 on	 the	
aforementioned	 residence	 times	 and	 the	 permeability	 of	 the	 zeolite.	 The	 expressions	 to	
determine	these	parameters	are	given	by	equations	3.10	-	3.14:	
t = R#':ÑR −$&#' + R(' :ÑR −$&(' 	 3.10	
where		
	
&(,#' = 	12 &# + &( + 1k(l(g( 1r# + 1r(




R(' = 1&(' − &#' R#&# + R(&( − &#' ,	 3.12	
	 R#' = 1 − R(' ,	 3.13	
	
R. = r.r# + r(	 3.14	
	












rigid,	 spherical	particles	which	are	non-attracting.	The	 thermal	 velocity,	=,	of	 the	diffusing	
species	may	be	calculated	as	follows:	
= = 	 8E+cK 	 3.15	
	
where	K	is	the	mass	of	the	diffusing	species.	The	thermal	velocity	is	typically	modified	by	a	
length-scale,	n,	 which	 is	 a	 function	 of	 the	 mean	 free	 diffusion	 pathway,	 and	 the	 pore	
geometry	in	some	heterogeneous	systems.	For	the	former,	it	is	given	by:	
n = 	 128(M*Q	 3.16	
	
where	8	is	the	diameter	of	the	diffusing	species	and	M*	is	Avogadro’s	number	and	Q	is	the	gas	
pressure.	 The	 self-diffusion	 coefficient	 may	 therefore	 be	 obtained	 by	 the	 following	
expression:	
& =	13 =n	 3.17	
	
With	the	aid	of	equations	3.15,	3.16	and	3.17,	in	conjunction	to	the	wall	collision	frequency	





multicomponent	 gaseous	 mixtures	 of	 comparable	 sizes	 may	 also	 be	 calculated	 using	 the	
Chapman-Enskog	approximation	and	is	given	by	(Chapman	and	Cowling	1970):	
& =	0.00186cy ( 1 G* + 1 G+ # (Rq#,(( Ω 	 3.18	
where	&	is	the	self-diffusion	coefficient,	c	is	the	temperature,	G*	and	Ga	are	the	molecular	






It	 is	 possible	 to	 observe	 more	 than	 one	 self-diffusion	 process	 in	 heterogeneous	 systems	
involving	molecular	 transport	 and	 adsorption.	 However,	 the	 focus	 of	 this	 thesis	 is	 on	 the	





















lead	 to	 catalytic	 deactivation	 in	 certain	 instances.	 Therefore,	 characterising	 this	 diffusion	
regime	 enables	 the	 performance	 of	 industrial	 zeolite	 materials	 to	 be	 investigated,	 as	
deactivation	processes	such	as	coking	typically	occurs	within	the	crystallite’s	pore	structure	
(Guisnet	 and	 Magnoux	 1989).	 This	 diffusion	 regime	 may	 be	 observed	 by	 probing	 short	
displacement	 length-scales	 using	 gas	 or	 liquid	 phase	 molecules,	 in	 small	 and	 large	 pore	
microporous	zeolites	with	large	crystallites.	
3.6.2.	Inter-crystalline	self-diffusion		
Conversely,	 the	 characterisation	 of	 inter-crystalline	 diffusion	 regimes	 is	 enabled	 by	 using	
more	mobile	species	or	by	increasing	the	PFG	NMR	observation	time	to	probe	longer	length-
scales.	Whilst	 intra-	 and	 inter-crystalline	 diffusion	 processes	 occur	 simultaneously	 in	 real	
time,	 it	 is	 possible	 to	 eliminate	 the	 signal	 from	 the	 former	 as	molecules	 residing	 in	 both	
regimes	possess	different	relaxation	properties	(Hansen	et	al.	1998).	This	will	be	discussed	
further	 in	 chapter	 5,	 as	 the	 inter-crystalline	 region	 plays	 an	 important	 part	 in	 the	
characterisation	of	the	intra-crystalline	self-diffusion	coefficient.	
3.6.3.	Long-range	self-diffusion		
Lastly,	 further	 increasing	 the	 molecular	 displacement	 length	 to	 enable	 molecules	 to	
experience	multiple	 intra-	and	 inter-crystalline	regions	 results	 in	 the	manifestation	a	 long-
range	diffusion	regime.	In	such	instances,	the	diffusion	regime	represents	an	average	across	







Zeolite	 crystals	 are	 synthesised	 via	 a	 crystallisation	 process	 which	 occurs	 at	 elevated	
temperatures	and	pressures	in	an	autoclave.	The	formation	of	crystallite	sizes	exceeding	100	
μm	is	particularly	challenging,	as	the	prohibitively	long	timespans	involved	often	result	in	a	
compromise	 in	 the	 material’s	 structural	 integrity.	 Additionally,	 the	 twinning	 of	 zeolite	
crystallites,	which	 is	an	unwanted	yet	probable	result,	may	occur	during	the	crystallisation	
process.	This	gives	rise	to	significant	void	spaces,	which	increases	the	overall	inter-crystalline	
space,	 contributing	 to	 the	 long-range	diffusion	as	more	molecules	are	able	 to	occupy	 this	
space.	Therefore,	long-range	diffusion	regimes	are	acknowledged	and	accounted	for	in	the	
literature	 when	 characterising	 self-diffusion	 in	 zeolite	 systems.	 The	 long-range	 diffusion	










&,-- f = & − 43 X &y ( f	 3.20	
	
where	X	is	the	radius	of	confinement	and	f	is	the	observation	time.	An	example	in	which	the	
unrestricted	 diffusion	 coefficients	 of	 water	 and	 cations	 confined	 in	 LSX	 type	 zeolites	 are	
























Paraffins	in	NaX	 0.0005	-	1	×	10-8	 123	-	593	 50	 Intra	 ∆	=	10	ms	 Kärger	et	al.	1980	




















CH4	in	H-ZSM-5	 7	×	10-9	 250	 25	 Intra	 ∆	=	2	-	5	ms	 Kärger	and	Pfeifer	1991	
CH3OH	in	NaX	 0.02	-	7	×	10-10	 293	-	433	 50,	100	 Intra	 ∆	=	14	ms	 Grenier	et	al.	1994	
H2O,	C3H8,	C3H6,	C3H6O	
and	C3H8O	in	NaX	
0.005	-	6	×	10-7	 200	-	500	 20	-	30	 Intra	 Δ	=	2	-	10	ms	 Schwarz	et	al.	1995	



















N2	in	5A	and	13X	 0.01	-	3	×	10-6	 167	-	289	 1.5	 Long-range	 ∆	=	3	ms,	2	ms	 McDaniel	et	al.	1996	






































































































Octane	in	USY	 0.4	-	9	×	10-11	 173	-	298	 3	 Intra	 ∆	=	10	ms	 Kortunov	et	al.	2005	































0.9	-	3	×	10-10	 -	 50	 Intra	 ∆	=	10	ms	 Pampel	et	al.	2006	
C3H6	in	ITQ-29,	CaA	and	
NaCaA	

































0.0001	-	2	×	10-8	 173	-	296	 10,000*	 Intra	 ∆	=	20	ms	 Krutyeva	et	al.	2009	
CH4	in	LTA	 5	×	10-10	 298	 30	 Intra	 ∆	=	5	-	800	ms	 Binder	et	al.	2011	
C2H4	and	C2H6	in	SAPO-34+	 0.6	-	2	×	10-11	 295	-	353	 20	-	30	 Intra	 ∆	=	10	-	40	ms	 Dai	et	al.	2012	













































From	an	academic	and	 industrial	perspective,	one	of	 the	main	aims	of	 this	 thesis	was	 the	
development	of	 solely	 PFG	NMR	based	methods	which	 are	 capable	of	 characterising	 self-
diffusion	 regimes.	 The	 aim	 is	 to	 then	 transfer	 these	 methods	 to	 the	 Johnson	 Matthey	
Technology	Centre	(JMTC)	to	enable	self-diffusion	characterisations	of	real	world	samples	to	
be	performed	in	an	industrial	setting.	
There	 exists	 a	wide	 range	of	measurement	 techniques	which	 have	been	used	 to	 perform	












Large	 differences	 are	 reported	 in	 the	 literature	 between	 the	 self-diffusion	 coefficients	









This	 disparity	 was	 attributed	 to	 the	 length-scales	 over	 which	 the	 measurements	 and	
simulations	 are	 made,	 which	 stems	 from	 the	 large	 differences	 in	 the	 observation	 times	
involved	 in	 each	 technique.	 The	 observation	 times	 of	 PFG	 NMR	 measurements	 typically	
ranges	from	a	few	milliseconds	to	several	seconds	and	is	limited	by	the	!"	relaxation	constant	
of	the	molecule	of	interest.	However,	the	observation	times	in	QENS	and	MD	are	significantly	












long-range	 diffusion	 regime.	Molecular	 displacements	 in	 long-range	 diffusion	 regimes	 are	
more	 susceptible	 to	 defects,	 extra-framework	 ions	 and	 Brønsted	 acid	 sites	 in	 the	 zeolite	
crystallite,	which	can	lead	to	an	additional	resistance	barrier	to	diffusion	(O’Malley	2015).	
However,	the	shorter	time-scales	typically	used	in	QENS	and	MD	probe	significantly	shorter	
displacement	 length-scales,	 ranging	 from	 angstrom	 to	 nanometres.	 As	 such,	 molecular	
displacements	are	limited	to	single	zeolite	crystals,	which	thus	describes	an	intra-crystalline	
diffusion	 regime.	 Therefore,	 large	 variations	are	observed	 in	 the	 self-diffusion	 coefficients	
between	the	various	techniques	due	to	the	characterisation	of	significantly	different	diffusion	
regimes.	Figure	3.9	illustrates	the	typical	differences	in	time-,	length-scales	and	the	range	of	
self-diffusion	 coefficients	 characterised	 using	 the	 different	 techniques.	 The	 Zero	 Length	













tips	 magnetisation	 away	 from	
equilibrium.	 Gradient	 pulse	
labels	 position	 of	 spins	 and	
imparts	a	net	phase	shift.	Second	
gradient	 pulse	 labels	 new	
position	 of	 spins	 and	 reverses	
the	 effect	 of	 the	 first.	 Motion	
during	this	time	is	recorded.		
Increasing	 the	 gradient	
amplitudes	 enables	 the	 net	










-	 Signal	 and	measurable	 range	 of	 molecular	
displacements	 are	 limited	 by	 transverse	
relaxation	processes.	
-	Full	signal	attenuation	of	strongly	adsorbing	
species	may	 require	 large	gradient	 strengths	
that	are	not	within	measurement	capabilities.	
-	 Presence	 of	 paramagnetic	 and	 industrially	








Sorbate	 molecule	 is	 adsorbed	
onto	 zeolite	 bed	 via	 a	 carrier	
system	 and	 is	 allowed	 to	 reach	
equilibrium.	
The	desorption	rate	is	measured	
when	 the	 carrier	 system	 is	
switched	 to	 a	 non-adsorbing	
feed.	 The	 effluent	 stream	
concentration	 is	 subsequently	
recorded	with	respect	to	time.	
+	Experiment	 can	 be	 conducted	 at	 high	 and	
industrially	relevant	temperatures.	
-	Not	possible	 to	accurately	 characterise	 the	




-	 Desorption	 curves	 of	 macro-	 and	 micro-









the	 energy	 of	 incident	 and	
scattered	neutrons	are	analysed	
as	 a	 function	 of	 neutron	
momentum	transfer.	
This	data	is	subsequently	used	to	
fit	 displacement	 vectors	 to	
models	 which	 characterise	 self-
diffusion	processes.	
+	 Short	 observation	 times,	 of	 the	 order	 of	
picoseconds,	 enables	 the	 characterisation	 of	
intra-crystalline	 self-diffusion	 coefficients	 of	




-	 Lengthy	 experimental	 timeframes	 and	








Correlates	 this	 motion	 to	 self-
diffusivity	 using	 Einstein’s	
relation	(eq.	3.7).	
+	 The	 selection	 of	 short	 observation	 items	
enables	comparisons	to	be	made	with	QENS.	
























PFG	NMR	experiments	possess	 large	$%&'(.	 Consequently,	 they	are	prone	 to	 interacting	
with	the	crystallite	structure	and	may	potentially	cross	over	into	a	long-range	diffusion	regime	
due	to	the	long(er)	observation	times	associated	with	this	technique.	This	results	in	a	faster	








are	 typically	 lower	 than	 those	 from	 QENS.	 This	 is	 because	 such	 molecules	 are	 more	
susceptible	 to	 adsorb	onto	 the	 surface	 of	 the	 zeolite	 and	 are	 therefore	more	 likely	 to	 be	































and	 vice	 versa.	 The	 oscillating	 frequency	 is	 recorded,	 along	 with	 the	 initial	 oscillating	
frequency	 at	 the	beginning	of	 the	 experiment.	 The	 change	 in	mass	 is	 then	 recorded	by	 a	
microbalance	between	two	time	points,	0	and	1,	using	the	following	equation:	
Δ* = , 1."/ − 1.1/ 	 3.21	
where	Δ*	is	the	change	in	mass,	,	is	the	spring	constant	of	the	tapered	element,	.1	is	the	












'23456 = '11 − 7 78	 3.22	














regimes	 that	 are	 typically	 observed	 in	 zeolite	 systems	 were	 discussed,	 with	 comparisons	
drawn	between	alternative	molecular	displacement	characterisation	techniques	of	 interest	
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Magnetic	 Resonance	 (PFG	 NMR)	 experiments,	 whereby	 appropriate	 methods	 for	 sample	
preparation,	data	acquisition	and	analysis	are	outlined.	
The	 first	 section	 of	 this	 chapter	 describes	 the	 sample	 preparation	 techniques	 which	 are	
performed	on	a	vacuum	manifold.	The	calibration	procedures	for	all	samples	prepared	on	the	
vacuum	manifold	 are	 described.	 Ideal	 gas	 and	 Boyle’s	 law	 behaviour	 are	 assumed	 for	 all	
gaseous	guest	molecules	used	in	this	thesis.	
The	latter	section	of	this	chapter	details	the	use	of	a	modified	Alternating	Pulsed	Gradient	
Stimulated	 Echo	 (APGStE)	 pulse	 sequence	 in	 comparison	 to	 its	well-established,	 unedited	
counterpart.	The	changes	made	 in	 the	modified	sequence	 include	the	use	of	shorter	echo	
times	and	unequal	pulsed	gradient	amplitudes.	The	rationales	for	these	proposed	changes	
are	to	improve	Signal-to-Noise	Ratios	(SNRs)	and	to	reduce	PFG	NMR	artefacts	for	calculating	
diffusion	 coefficients	 in	 PFG	 NMR	 diffusometry	 experiments.	 The	 applicability	 of	 the	
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pulse	 sequences	 are	 particularly	 adept	 at	 removing	 background	 gradient	 contributions	 in	
heterogeneous	systems,	where	enhanced	magnetic	susceptibility	effects	result	in	relaxation	





the	 system	 and	 hinder	measurement	 accuracy,	 as	 cross-term	magnetisation	 between	 the	
















































































enabled	 it	 to	 be	 connected	 to	 the	 vacuum	 line.	 Subsequently,	 ultra-high	 vacuum	
grease	 was	 used	 to	 ensure	 a	 secure	 seal	 between	 the	 cone	 and	 the	 vacuum	 line	
connection.	All	valves	were	initially	closed,	except	for	valve	number	5.	Valve	number	
1	was	then	opened	to	evacuate	the	manifold	to	a	pressure	less	than	10-6	mbar.	

































• Subsequently,	 valve	 number	 1	was	 closed,	 at	which	 point	 valve	 number	 4	was	 re-
opened,	to	establish	a	vapour	pressure	equilibrium	in	the	manifold.	Valve	number	4	
was	 eventually	 closed	 once	 the	 vapour	 pressure	 recorded	 by	 the	 pressure	 gauge	
remained	 constant.	 The	 vapour	 pressure	 was	 used	 to	 determine	 the	 molecular	
loading.		
• Lastly,	 the	 tube	 containing	 the	 evacuated	 zeolite	 powder	 was	 immersed	 in	 liquid	
nitrogen	and	valve	number	3	was	opened	to	expose	the	zeolite	bed	to	the	vapour	rich	
manifold.	Due	to	the	large	temperature	differential	of	the	zeolite	sample	(77	K)	and	






Upon	 flame	sealing	 the	 tube,	 the	 signal	above	 the	 zeolite	was	not	detectable	 in	 the	NMR	
experiments,	 therefore	 it	was	 assumed	 that	 the	quantity	 recorded	by	 the	pressure	 gauge	
corresponded	to	the	quantity	adsorbed	by	the	zeolite	bed.	The	recorded	vapour	pressures	of	
















Meiboom-Gill	 (CPMG)	 relaxation	experiments	were	performed	with	16	 increases	 in	delays	




















• A	 known	 pressure,	 and	 hence	 a	 known	 volume,	 of	 gas	 was	 introduced	 into	 the	





















with	 a	 minimum	 recycle	 time	 of	 5	 ×	!",	 to	 recover	 99.3%	 of	 the	 magnetisation,	 and	 by	
accounting	 for	 the	 amount	 of	 signal	 lost	 due	 to	 !/	relaxation	 by	 conducting	 a	 !/	CPMG	
experiment	and	correcting	each	spectrum	in	the	following	manner:	
































larger	 (and	broader)	 than	 their	 gas	 phase	 counterparts	 above	 the	 bed.	 This	 is	 due	 to	 the	





















a. Gas	phase	above	the	zeolite	bed:	Plotting	 the	signal	 intensities	of	each	species	on	
their	respective	calibration	plots	and	determining	the	corresponding	pressure.	














































Whilst	 the	presence	of	180°	 r.f.	pulses	 refocuses	dephased	spins,	 increases	 in	 these	delay	
times	 lengthen	 the	echo	 time	of	 the	pulse	 sequence	and	 in	 instances	where	!/	relaxation	
times	are	excessively	short,	this	is	not	desirable.	




ii. The	 application	 of	 asymmetric	 bipolar	 gradient	 pulses	 to	 provide	 additional	
homospoiling	to	reduce	artefacts	for	calculating	the	self-diffusion	coefficient.		
A	 level	 of	 asymmetry	 was	 initially	 introduced	 by	 effecting	 both	 changes,	 as	 the	 former	
involved	 reducing	 the	 delay	 time	 which	 immediately	 preceded	 the	 gradient	 pulses,	 T",	
whereas	the	delay	time	which	immediately	followed	the	application	of	the	gradient	pulses,	T/,	 was	 not	 shortened.	 This	 was	 purely	 the	 case	 as	 a	 precautionary	 measure,	 since	 the	









effect	 in	 such	 instances	 and	 thus	 an	 additional	 term	 must	 be	 taken	 into	 account	 in	 the	
equation	due	to	this	contribution	(Sørland	et	al.	1997):	
X = G232Y3 9<G −'2Z/ −'2T/ ∆ + 32 V −	T3 E/ + ∆ + V − T3 ./ ∆ + V E.+ T T" − T/ V . + E W1 + 43 V_W1/ 	 4.2	
where	X	 is	the	echo	attenuation	[a.u.],	Z	 is	the	1H	gyromagnetic	ratio	[rad	s-1	T-1],	E	 is	the	































and	 4	 ms	 respectively,	 and	 thus	 the	 proportion	 of	 !/	weighted	 signal	 loss	 induced	 by	
transverse	relaxation	processes	vary	for	both	species	and	may	be	determined	via:	




gradients,	 where	 the	 positive	 gradient	 amplitudes	 are	 larger	 than	 the	 negative	 gradient	
amplitudes.	It	has	been	shown	that	the	use	of	unequal	bipolar	gradients,	with	a	net	positive	
gradient	amplitude,	offers	the	benefit	of	eliminating	the	requirement	of	a	homospoil	gradient	
to	 suppress	 background	 gradients	 and	 eliminate	 residual	magnetisation	 in	 the	 transverse	
plane,	since	these	positive	gradients	are	applied	during	the	transverse	magnetisation	storage	
intervals	 shortly	 after	 the	 90°	 r.f.	 pulses,	 and	 prior	 to	 the	 application	 of	 the	 180°	 pulses	
(Sørland	et	al.	1997;	Sun	et	al.	2003).	Incorporating	such	changes	into	conventional	PFG	NMR	
pulse	 sequences	 has	 therefore	 been	 highly	 recommended	 in	 the	 literature	 to	 study	 the	
diffusion	of	molecules	adsorbed	in	microporous	materials	such	as	zeolites.	Avoiding	the	use	
of	 large	 homospoil	 gradients	 during	 the	 longitudinal	 storage	 interval	 also	 by-passes	 the	
prospect	of	placing	 the	experimental	hardware	under	duress	at	high	gradient	amplitudes.	
Additionally,	 doing	 so	 is	 particularly	 beneficial	 as	 large	 homospoil	 gradients	 are	 often	 the	
source	of	unwanted	coherence,	which	is	more	apparent	in	low	SNR	systems	(Sørland	2014).	
In	order	to	illustrate	this	effect,	a	flame	sealed	sample	of	0.34	mol	kg-1	of	methane	adsorbed	





noticeable	 differences	 due	 to	 hardware	 limitations	 and	 the	 adsorbed	 phase	 samples	
possessing	short	!/ 	relaxation	times	respectively.	Literature	studies	which	report	significant	




(Sun	 et	 al.	 2003).	 No	 discernible	 improvements	 were	 observed	 by	 incorporating	 these	
changes	 in	bipolar	 gradient	 amplitudes,	with	 respect	 to	 the	 SNRs,	 removal	of	background	
gradients	 and	 signal	 attenuation.	 Therefore,	 the	minutiae	 of	 observing	 any	 differences	 in	
phase	coherences	and	any	associated	changes	in	applied	gradient	integrals	due	to	differences	
in	pulse	areas	between	asymmetric,	bipolar	pulses	are	not	discussed.	The	interested	reader	
is	 forwarded	 to	 the	 work	 of	 Sørland	 2014.	 However,	 significant	 reductions	 in	 signal	
attenuation	 and	 SNRs	 were	 observed	 by	 further	 increasing	 the	 imbalance	 in	 bipolar	
amplitudes,	below	an	amplitude	ratio	of	1.43:1,	as	shown	in	figure	4.11.	Similar	trends	were	
















' = 1.2	 ± 0.01×10Hg		*/	(H"	 ' = 1.2	 ± 0.01	×10Hg		*/	(H"	






used	 in	 each	 diffusometry	 experiment	 of	 the	 adsorbed	 phase	 region	 in	 the	 sealed	 tube.	
Reductions	were	made	to	the	total	echo	times	to	reduce	the	proportion	of	signal	lost	due	to	
transverse	 relaxation	processes.	 Improvements	were	 seen	 in	all	 systems	 compared	 to	 the	
conventional	pulse	sequence,	whereby	increases	 in	SNR	and	signal	attenuation	were	more	
apparent	with	increasingly	short	!/	relaxation	times.	These	proposed	changes	were	not	made	
to	 any	 bulk	 gas/liquid	 phase	 measurements	 discussed	 in	 this	 thesis	 by	 virtue	 of	 such	
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'23456 = 'ij3kH563kl −	G234l5'234l5G23456 	 5.1	
	
The	method	outlined	 in	the	 literature	 is	 indirect	as	 it	 relies	on	gas	sorption	 isotherms	and	
kinetic	 theory	 approximations	 to	 determine	 the	 inter-particle	 population	 (G234l5)	 and	 the	
inter-particle	 diffusivity	 ('234l5)	 respectively.	 The	 long-range	 diffusion	 coefficient	
('ij3kH563kl)	can	be	obtained	from	conventional	PFG	NMR	experiments,	as	the	molecular	














Comparisons	are	also	made	between	these	results	and	those	 found	 in	 the	 literature	using	
Molecular	 Dynamics	 (MD)	 simulations.	 Novel	 results	 are	 also	 presented	 to	 discuss	 the	
variations	 in	 the	 Gaussian	 distributions	 of	 the	 aforementioned	 measured	 molecular	
displacements.	 This	 behaviour	 is	 illustrated	 via	 the	 transitions	 from	 linear	 to	 curved	 and	






be	described	by	the	following	expression	(Kärger	et	al.	1981):	'ij3kH563kl = G234l5'234l5+	G23456'23456	 5.2	
where	G	is	the	population	and	'	is	the	diffusivity	of	the	inter-crystalline	and	intra-crystalline	
regions.	 The	 applicability	 of	 the	 fast	 exchange	 scenario	 in	 a	 PFG	 NMR	measurement	 for	
gaseous	guest	molecules	in	zeolites	may	be	verified	by:	
i. Calculating	the	$%&'	of	the	guest	molecules,	using	Einstein’s	equation.	If	the	$%&'	
is	 found	 to	 substantially	 exceed	 the	 geometric	 dimensions	 of	 the	 crystallite,	 a	
significant	averaging	across	zeolite	beds	is	expected.	This	implies	that	a	fast	exchange	
regime	will	 dominate,	 provided	 that	 the	molecules	 are	 capable	 of	 penetrating	 the	
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ii. Observing	 a	 linear	 echo	 attenuation	 plot	 with	 a	 self-diffusion	 coefficient	 which	
satisfies	case	(i).	This	indicates	that	there	is	a	Gaussian	distribution	with	respect	to	the	
probability	distribution	of	the	molecular	displacements	measured.	









by	the	 instrument	via	an	 internal	microbalance.	The	gas	sorption	device	 is	only	capable	of	
detecting	 changes	 in	 adsorbed	 pressures.	 Therefore,	 it	 is	 reasonable	 to	 assume	 that	 the	
molecules	 in	 the	 intra-crystalline	 region	 dominate	 the	 1H	 NMR	 contribution	 from	 a	 tube	
containing	the	section	of	the	zeolite	bed	placed	in	the	active	region	of	the	r.f.	coil	in	the	PFG	
NMR	experiments.		
5.1.2.	 Literature	 techniques	 for	 determining	pinter	 and	Dinter	 using	 gas	 sorption	
isotherms	and	kinetic	theory	approximations	
The	case	has	been	made	 in	 the	 literature	 that	 in	most	 instances	 involving	 the	diffusion	of	
gases	 in	zeolites,	where	the	population	of	molecules	 is	highly	weighted	towards	the	 inter-
particle	region,	equation	5.2	may	be	reduced	as	to	exclude	the	 intra-particle	term	entirely	










the	 PFG	 NMR	 experiment	 (Kärger	 and	 Valiullin	 2013).	 The	 following	 (non-NMR	 based)	
expressions	are	used	to	calculate	'234l5 	(Kärger	and	Ruthven	1992;	Rohlf	1994):		
'234l5 = 	qr3 	 5.3	
	 1r = 	 1C234l5 + 1rk68	 5.4	




the	gas	 constant	 [J	mol-1	 K-1],	!	 is	 the	 temperature	 [K],	C	 is	 the	diameter	of	 the	diffusing	
species	[m],	DO	is	Avogadro’s	number	[mol-1]	and	L	is	the	pressure	of	the	gas	[J	m-3],	
q = 	 8$!s%O 	 5.6	
where	q	is	the	molecule’s	thermal	velocity	[m	s-1],	$	is	the	gas	constant	[J	mol-1	K-1],	!	is	the	
temperature	[K]	and	%O	is	the	molecular	weight	of	the	molecule	[kg	mol-1]	Cussler	(2009).	As	













equations	5.3,	 5.4,	 5.5	 and	5.6	would	not	be	 required.	Potential	 solutions,	 in	 the	 form	of	
abstract	concepts,	have	been	proposed	relating	to	the	sample	preparation	stage,	whereby	
upon	flame	sealing	the	NMR	tubes,	a	centrifuge	may	be	utilised	to	create	a	densely	packed,	
void-free	 zeolite	bed	 (Bar	et	al.	 1995).	However,	 there	are	 concerns,	 from	a	practical	 and	














Large	pore	microporous	 zeolites	 such	 as	 β-zeolite	 enable	 the	 sorption	of	 a	wide	 range	of	
molecules	vastly	differing	in	sizes	and	shapes,	examples	of	which	include	linear	aliphatic	and	
cyclic	aromatic	compounds	(Corma	et	al.	1995;	Corma	et	al.	2000).	Literature	reports	have	




















g	of	 the	15	µm	and	 the	small	 (0.3	and	0.5	µm)	β-zeolite	powders	were	used	 respectively,	
corresponding	to	a	bed	height	of	approximately	12	mm	in	the	sealed	tube.	The	15	µm	and	






















Data	 obtained	 from	 the	 PFG	 NMR	 experiments	 involving	 the	 single-	 and	 two-component	
systems,	 whereby	 the	 latter	 are	 introduced	 in	 chapter	 6,	 were	 fitted	 to	 single	 and	 two	
component	exponential	decay	models	respectively,	and	can	be	expressed	as	(Sørland	et	al.	
1997):	
X = G232Y3 9<G −Z/T/'2 ∆ + 32 V −	T3 E/ + ∆ + V − T3 ./ ∆ + V E.+ T T" − T/ V . + E W1 + 43 V_W1/	 5.7	
	









an	 additional	 element	 of	 asymmetry	 in	 terms	 of	 the	 pulse	 sequence	 delay	 times	 was	
introduced,	the	cross-magnetisation	term	arising	due	to	background	field	gradients	was	taken	





























of	 preferentially	 adsorbing	water	 and	 other	 polar	molecules	 over	 hydrocarbon	molecules	
(Corma	et	al.	2003).	Figure	5.4	shows	the	sample	pre-treatment	results	from	an	experiment	










































order	 to	 gain	 insights	 into	 the	 relationship	 between	 adsorption	 and	 self-diffusion	 with	
increasing	hydrocarbon	chain	length.	Large	pore	structures	such	as	those	in	β-zeolite	possess	
poor	 methane	 adsorption	 characteristics	 (Zhang	 et	 al.	 2014;	 Li	 et	 al.	 2015).	 Hence,	 the	
methane	sorption	experiment	operated	in	Henry’s	region	at	the	pressure	range	used	in	this	
thesis.	As	shown	in	figure	5.6	(a),	approximately	0.02	g	of	methane	was	adsorbed	per	gram	of	






*k = qu,L1 + ,L	 5.8	
where	*kis	the	quantity	of	the	adsorbed	gas	[mg],	qu 	is	the	molecular	monolayer	quantity	
[mg],	,	is	an	adsorption	equilibrium	constant	[-]	and	L	is	the	sorption	pressure	[Pa].	Doing	so	

















profile	 is	 expected,	 since	 a	 single	 component	 guest	 molecule	 and	 a	 macroscopically	











The	 linear	methane	sorption	 isotherm	 in	 figure	5.6	 (a)	shows	that	 it	 is	a	weakly	adsorbing	
molecule	which	 is	assumed	 to	be	present	 in	 the	pore	 structures	 in	 the	gas	phase,	 for	 the	
pressure	range	studied.	This	therefore	ruled	out	the	possibility	of	having	two-phase	behaviour	
in	the	zeolite	cavity,	which	could	potentially	arise	due	to	molecules	adsorbing	more	strongly	
at	 certain	active	 sites.	The	 spectral	attenuation	of	 the	peaks	obtained	 from	the	PFG	NMR	
experiment	 was	 observed	 using	 the	 both	 the	 conventional	 and	 modified	 APGStE	 pulse	
sequences.	As	shown	in	figure	5.8,	a	noisy	peak,	which	is	significantly	broader	than	that	of	a	








probe’s	 maximum	 gradient	 strength:	 10	 T	 m-1.	 Consequently,	 this	 broad	 peak	 did	 not	
attenuate	and	was	nevertheless	present	at	 the	highest	gradient	strength.	 It	was	therefore	
determined	 that	 the	 aforementioned	 curvature	 was	 due	 to	 this	 misleading	 artefact.	
Subsequently,	the	mean	of	the	last	three	echo	attenuation	points	was	subtracted	from	the	




















impurity	 from	 the	 dosing	 gas	 cylinder.	 The	 spectral	 linewidth	 of	 this	 background	 peak	 is	
broader	than	the	CH4	peak	of	 interest	by	a	 factor	of	13,	which	 implies	that	this	extremely	
slow-moving	species	is	not	present	in	the	gas	phase.	
5.5.2.	Obtaining	Dlong-range	 for	 single	 component	 gaseous	 guest	molecules	 in	 β-
zeolite	from	PFG	NMR	diffusometry	





in	methane,	with	 a	 typical	 spectral	 linewidth	 of	 75	 Hz.	 This	 presents	 the	 opportunity	 for	





Deliberately	 large	 observation	 times	 were	 selected	 to	 measure	 molecular	 displacements	
spanning	several	crystallites	across	the	zeolite	bed,	which	resulted	in	the	characterisation	of	
long-range	diffusion	coefficients.	This	was	carried	out	in	a	bid	to	prove	that	exceeding	zeolite	














As	 the	hydrocarbon	 loading	 increases,	 the	 long-range	diffusion	 coefficient	 decreases.	 This	
trend	is	expected	since	the	level	of	confinement	is	enhanced	as	the	number	of	molecules	in	
the	system	increases,	resulting	in	increased	restrictions	to	molecular	mobility.	Table	2	shows	
that	 there	 is	 a	 difference	 of	 at	 least	 an	 order	 of	 magnitude	 in	 the	 long-range	 diffusion	










molecular	 weight)	 of	 the	 guest	 molecules	 increases.	 This	 results	 in	 a	 greater	 degree	 of	
restrictions,	as	the	molecules	gradually	begin	to	behave	as	conventional	hydrocarbon	liquid	


































CH4	 158.88	 0.087	 1.1	±	0.01	×	10
-6	 469	
	 194.01	 0.106	 8.7	±	0.01	×	10
-7	 417	
	 335.97	 0.184	 4.8	±	0.01	×	10
-7	 310	
	 450.01	 0.246	 2.3	±	0.02	×	10
-7	 214	
	 611.65	 0.335	 1.9	±	0.01	×	10
-7	 195	
C2H6	 109.64	 0.060	 8.2	±	0.03	×	10
-8	 128	
	 203.85	 0.112	 7.3	±	0.03	×	10
-8	 121	
	 518.98	 0.284	 3.7	±	0.01	×	10
-8	 86	
	 621.18	 0.340	 2.7	±	0.03	×	10
-8	 73	
	 895.50	 0.401a	 2.2	±	0.01	×	10
-8	 66	
C3H8	 98.70	 0.050	 5.0	±	0.08	×	10
-8	 100	
	 494.01	 0.232	 2.3	±	0.03	×	10
-8	 68	










The	 novel	method	 described	 in	 this	 subsection	 utilises	 the	 realistically	 unavoidable	 inter-
particle	spaces	in	zeolite	beds.	This	involves	re-arranging	equation	5.2	to	solve	for	the	intra-
diffusion	coefficient:	


































two	volumes,	and	 this	enabled	 the	void	 fraction,	z,	 to	be	calculated,	as	 the	sum	of	 these	
fractions	is	equal	to	one:	 z = 1 − y	 5.10	
The	inter-particle	gas	population	in	the	zeolite	bed	was	then	obtained	by	multiplying	the	gas	
population	above	the	bed	by	the	void	fraction	of	the	zeolite	bed:	G234l5 = Gk68	×	z	 5.11	
with		
Gk68 = 	 &k68&wlx 	 5.12	









parameters	 outlined	 in	 equation	 5.1	 and	 requires	 no	 additional	 experimental	 techniques.	
This,	 to	 the	 author’s	 knowledge,	 has	 not	 been	 demonstrated	 in	 the	 literature.	 The	 intra-





































CH4	 158.88	 0.087	 6.6	±	0.21	×	10-7	 363	
	 194.01	 0.106	 4.1	±	0.27	×	10-7	 286	
	 335.97	 0.184	 2.6	±	0.29	×	10-7	 228	
	 450.01	 0.246	 9.3	±	0.29	×	10-8	 136	
	 611.65	 0.335	 8.2	±	0.38	×	10-8	 128	
C2H6	 109.64	 0.060	 4.5	±	0.19	×	10-8	 95	
	 203.85	 0.112	 2.7	±	0.35	×	10-8	 73	
	 518.98	 0.284	 2.0	±	0.03	×	10-8	 63	
	 621.18	 0.340	 1.6	±	0.26	×	10-8	 57	
	 895.50	 0.401a	 8.2	±	0.40	×	10-9	 41	
a. corresponds	to	1.5	molecules	per	cavity	
Similar	to	the	long-range	diffusion	coefficients,	a	decrease	in	the	intra-diffusion	coefficients	
is	observed	with	 increasing	 loading,	 for	both	guest	molecules.	As	expected,	all	'234568	are	







The	 calculation	 of	 the	 intra-diffusion	 coefficients	 relied	 on	 both	 the	 measurement	 and	




which	 is	 typically	 less	 than	3%,	determined	by	 repeating	each	measurement	3	 times.	 The	
errors	 for	 the	 calculated	 intra-diffusion	 coefficients	 are	 less	 than	 or	 equal	 to	 30%	 for	 all	
methane	and	ethane	samples.	These	errors	were	calculated	by	taking	the	partial	derivatives	
of	 the	 addition	 and	multiplication	 terms	 in	 equation	 5.2,	 using	Wolfram	Mathematica.	 A	
sample	calculation	is	included	in	appendix	A5.		
The	 stronger	 the	 sorption	properties	 of	 the	 guest	molecules,	 the	 lower	 the	proportion	of	
molecules	present	in	both	the	inter-particle	and	in	the	gas	phase	regions	above	the	zeolite	
bed.	As	such,	this	technique	will	not	be	ideal	for	strongly	adsorbing	gaseous	guest	molecules.	
However,	 this	 is	 not	 a	 deterrent	 since	 a	 strongly	 adsorbing	 species	 confined	 in	 a	 zeolite	
possesses	a	diffusion	coefficient	which	is	sufficiently	slow	as	to	qualify	as	an	intra-diffusion	




The	 largest	source	of	error	 in	the	calculation	of	the	 intra-diffusion	coefficient	method	was	































1	 4.1	×	10-7	 27	 	 1	 4.5	×	10-8	 19	
2	 6.5	×	10-7	 17	 	 2	 6.4	×	10-8	 13	
3	 7.3	×	10-7	 15	 	 3	 7.0	×	10-8	 12	













12	 4.1	×	10-7	 27	 	 12	 4.5	×	10-8	 19	
8	 9.6	×	10-7	 17	 	 8	 8.8	×	10-8	 14	
10	 6.3	×	10-7	 21	 	 10	 6.3	×	10-8	 16	
14	 2.5	×	10-7	 35	 	 14	 3.3	×	10-8	 22	
	
As	mentioned	in	section	5.1.2,	literature	studies	have	reported	that	in	instances	where	the	
population	of	molecules	 is	highly	weighted	 towards	 the	 inter-particle	 region,	equation	5.2	
may	be	reduced	to	exclude	the	 intra-particle	 term	entirely	 (McDaniel	et	al.	1996).	 In	such	
instances,	 G234l5	and	'234l5	are	 obtained	 from	 gas	 sorption	 isotherms	 and	 kinetic	 theory	
respectively.	 Table	 5	 shows	 a	 comparison	 between	 the	 long-range	 diffusion	 coefficients	
obtained	 using	 PFG	 NMR	 and	 those	 calculated	 from	 the	 product	 of	 the	 inter-particle	
parameters.	The	aim	of	 this	 is	 to	confirm	the	suitability	of	using	 this	assumption	with	 the	















CH4	 0.106	 8.7	±	0.01	×	10-7	 4.7	×	10-8	

















molecular	 displacement	 is	 significantly	 smaller	 than	 the	 zeolite’s	 crystallite	 size	 and	 is	








they	 possess	 relaxation	 and	 diffusive	 properties	 which	 are	 likely	 to	 be	 different	 to	 those	
belonging	to	the	molecules	inside	the	crystallites.	Since	near	identical	relaxation	properties	













of	 68	 µm.	 This	 transition	 from	 a	 Gaussian,	 to	 non-Gaussian	 and	 subsequently	 back	 to	 a	
Gaussian	probability	distribution	of	measured	molecular	displacements	indicates	the	absence	
and	presence	of	both	slow	and	fast	exchange	diffusive	behaviour.	Therefore,	the	assumptions	
made	 with	 respect	 to	 molecules	 adsorbing	 onto	 the	 surface	 and	 subsequently	 migrating	






















3	 2.4	×	10-9	 4	 Intra	
8	 -	 -	 Exchange	
20	 -	 -	 Exchange	
30	 -	 -	 Exchange	















The	 long-range	 diffusion	 of	 ethane	 in	 NaX	 outlined	 by	 Vasenkov	 et	 al.	 (2003)	 was	






from	 the	 vacuum	 line	 and	 the	 quantity	 adsorbed	 remained	 constant	 during	 this	 process,	
although	the	details	of	this	step	are	not	specified.	This	was	then	repeated	using	80	mbar	of	
















Once	 these	 disparities	 are	 considered,	 the	 results	 are	 in	 reasonable	 agreement	 between	
zeolite	structures	with	similar	pore	sizes.		
However,	by	evaluating	the	diffusion	of	ethane	in	this	same	NaX	zeolite,	Pampel	et	al.	(2006)	















obtained	 using	 PFG	 NMR,	 QENS	 and	 MD	 simulation	 studies	 are	 compared.	 Currently	
unpublished	MD	simulation	data	generated	by	the	Rajamani	Krishna	group	at	the	University	
of	Amsterdam,	Netherlands,	showed	a	minimal	decrease	in	the	self-diffusion	coefficients	of	



















et	 al.	 that	 the	 self-diffusion	 coefficients	 simulated	 in	 the	 x,	 y	 and	 z	 dimensions	 were	
significantly	different	from	one	another,	varying	by	up	to	a	factor	of	4.	This	unusually	large	
disparity	was	not	anticipated	and	is	yet	to	be	accounted	for.	Whilst	it	is	evident	that	β-zeolite	
is	 an	 anisotropic	 material,	 and	 thus	 small	 differences	 in	 the	 diffusivities	 in	 the	 three	
dimensions	are	anticipated	due	slight	differences	in	orthogonal	geometries,	a	difference	of	a	
factor	of	4	is	significantly	larger	than	expected.	
The	 PFG	 NMR	 data	 published	 by	 Vasenkov	 et	 al.	 (2003)	 showed	 a	 similar	 trend	 to	 the	
experimental	results	presented	in	this	thesis,	in	that	a	decrease	in	the	long-range	diffusion	
coefficient	of	ethane	in	a	large	pore	zeolite	as	a	function	of	loading	was	observed.	Therefore,	
the	criticisms	 levelled	at	 the	validity	of	MD	simulations	arising	 from	the	differences	 in	 the	
length-scales	probed	when	compared	to	the	longer	timescales	of	a	PFG	NMR	experiment	are	
relevant	 for	 this	 argument.	 The	 use	 of	 a	 simulated	 observation	 time	 of	 the	 order	 of	
picoseconds,	 which	 results	 in	 a	 molecular	 displacement	 of	 the	 order	 of	 angstroms	 -	
Chapter	5		 					Single	component	self-diffusion	in	large	pore	β-zeolite	structures	
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nanometres,	gives	an	 indication	of	how	 far	and	 fast	molecules	can	move	 in	 that	 specified	
time/length-scale.	However,	it	is	not	a	representative	scenario	of	a	real-world	system,	since	
effects	which	are	typically	observed	in	small	and	large	pore	zeolites	are	overlooked	entirely	




Guest	molecules	 interacting	with	surfaces	are	ubiquitous	 in	 real-world	 industrial	 reactions	
and	operations.	This	is	due	to	the	large	RMSDs	and	small	unit	cell	dimensions	involved	in	such	
applications.	 Additionally,	 variations	 in	 temperatures	 and	 product	 distributions	 typically	
result	 in	 the	 formation	 of	 molecules	 with	 differing	 surface	 interactions.	 Therefore,	 the	
specified	time	scale	of	the	simulation	could	be	sufficiently	short	such	that	the	aforementioned	
effects	are	not	experienced	at	all	by	the	guest	molecules.	The	most	significant	limitation	of	
MD	simulation	studies	 is	 that	the	observation	time	cannot	be	 lengthened	sufficiently	such	
that	 the	molecules	 experience	 zeolite	 surface	 layers	 to	 account	 for	 this,	 due	 to	hardware	
limitations	of	the	simulating	computer.	Therefore,	it	is	not	suitable	to	make	meaningful,	direct	
comparisons	with	PFG	NMR.	The	procedure	typically	used	to	simulate	this	data	is	currently	a	




possess	 some	of	 the	 smallest	pore	geometries	 in	materials	 typically	used	as	 catalysts	 and	
support	materials	(Cheung	and	Hedin	2014).	However,	PFG	NMR	does	take	this	into	account	
and	 is	 therefore	 capable	 of	 characterising	 industrially	 relevant	 molecular	 displacements,	
despite	 its	 limitations.	On	the	one	hand,	 long	observation	timescales	are	problematic	with	
respect	to	limiting	molecular	displacements	to	single	zeolite	crystallites	and	therefore	inter-
particle	 contributions	 are	 consequently	 introduced.	 On	 the	 other	 hand,	 guest	 molecule	















retrieving	 the	 zeolite	 for	 regeneration	 once	 it	 is	 deactivated	 post	 reaction.	 However,	 the	
primary	reason	is	to	prevent	significant	pressure	drops	over	zeolite	beds,	since	the	industrial	







shown	 that	 the	 use	 of	 binders	 and	 other	 additives	 to	 form	 pellets	 and	 aggregate	 zeolite	
materials	 can	 have	 a	 significant	 impact	 on	 a	 zeolite’s	 transport	 properties	 and	 therefore	















shown	 in	 figure	5.20.	This	 trend	 is	anticipated,	 since	 the	guest	molecules	are	expected	 to	
behave	similarly	in	the	confined	geometry	of	a	zeolite	channel	which	possesses	the	same	pore	
size,	 anisotropic	 geometry	 and	 similar	 surface	 chemistries,	 as	 shown	 by	 elemental	 XPS	































15	 0.2	 4.8	±	0.020	×	10-7	 2.6	±	0.29	×	10-7	 228	
0.5	 0.2	 5.2	±	0.002	×	10-7	 2.7	±	0.24	×	10-7	 232	


















































range	 diffusion	 coefficients,	 which	 are	 unavoidably	 obtained	 using	 such	 conventional	










“Research	 grade”	 β-zeolite	 was	 compared	 with	 “industrial	 grade”	 β-zeolite	 to	 observe	
differences	in	diffusion	regimes	and	to	test	the	validity	of	the	solely	NMR	based	method	to	
calculate	 intra-diffusion	 coefficients	 in	 real	 world	 systems.	 The	 long-range	 diffusion	
coefficients	 and	 the	 intra-diffusion	 coefficients	 of	 both	 grades	 of	 material	 were	 in	 good	
agreement	with	another.	
Lastly,	 liquid	phase	molecules	were	adsorbed	 in	the	 large	pore	“research	grade”	β-zeolite,	
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The	 first	 section	 of	 this	 chapter	 details	 the	 use	 of	 PFG	NMR	 techniques	 to	 perform	NMR	
spectroscopy,	relaxometry	and	diffusometry	of	two-component	(binary)	gaseous	mixtures	in	
the	adsorbed	and	bulk	gas	phase.	The	two-component	systems	studied	are	methane-ethane	




binary	 methane-ethane	 systems.	 Conventional	 measurements	 suffer	 from	 prohibitive	
magnetic	susceptibility	and	line	broadening	effects	and	are	typically	incapable	of	elucidating	




introduced	 in	 chapter	 5,	 whereby	 long-range	 diffusion	 regimes	 are	 dominant	 in	 most	
instances.	Long-range	diffusion	coefficients	for	methane-propane	systems	co-adsorbed	in	β-






times	 of	 these	 (spin-half	 and	 quadrupolar)	 nuclei,	 which	 adhere	 to	 different	 relaxation	
mechanisms.	The	main	aim	of	this	section	is	to	conduct	relaxometry	experiments	to	observe	
improvements	 in	 the	!/ 	 relaxation	 times	 of	 deuterated	molecules	 in	 comparison	 to	 their	
protonated	isotopes,	which	are	of	interest	to	Johnson	Matthey.	This	will	enable	better	Signal-
to-Noise	 Ratios	 (SNRs)	 to	 be	 obtained	 in	 a	 sensible	 timeframe	 in	 future	 2H	 PFG	 NMR	
experiments.	Longer	!/	relaxation	time	constants	also	enable	increases	in	signal	attenuation	









of	 such	 environments	 is	 particularly	 pertinent	with	 respect	 to	 improving	 insights	 into	 the	
chemical	kinetics	and	longevity	of	porous	materials	in	real	world	applications.	It	is	extremely	
difficult	 to	 analyse	 the	 fluid	 behaviour	 of	 multiphase	 systems	 in	 porous	 media	 due	 to	
limitations	of	 the	sorbate	molecules	used	 in	 this	study	and	 in	 the	experimental	hardware.	










used	 in	 such	 instances,	whereby	 the	 signals	emanating	 from	mixtures	of	molecules	which	
differ	 in	 size	 may	 be	 separated	 based	 on	 their	 self-diffusion	 coefficients	 to	 generate	 a	
diffusion	domain	of	DOSY	spectra	(Morris	and	Johnson	1992;	Morris	and	Barjat	1997).	Such	




convection	 which	 is	 a	 relevant	 problem	 in	 elevated	 temperature	 measurements	 of	 bulk	
liquids.	 However,	 this	 has	 been	 shown	 to	 have	 a	 sufficiently	 detrimental	 impact	 which	
prohibits	the	use	of	such	spectroscopic	methods	to	chemically	resolve	complex	mixtures	of	
liquids,	due	to	enhanced	spectral	line	broadening	(Swan	et	al.	2015).	
The	 enhanced	 line	 broadening	 observed	 due	 to	 significant	magnetic	 susceptibility	 effects	
typically	 prevents	 the	 observation	 of	 such	 chemical	 shift	 resolution	 in	 heterogeneous	
systems,	such	as	fluids	adsorbed	in	zeolites,	using	conventional	PFG	NMR.	Spectral	linewidths	
of	gaseous	guest	molecules	in	such	confined	conditions	may	exceed	1000	Hz,	which	will	be	
discussed	 further	 in	 chapter	 7.	 This	 therefore	 results	 in	 significant	 peak	 overlap,	 thereby	
preventing	 the	differentiation	of	varying	chemical	environments,	 in	a	spectroscopic	sense.	




6.1,	Magic	Angle	Spinning	 (MAS)	has	been	employed	 to	 reduce	spectral	 linewidths	and	 to	
remove	 line	 broadening	 artefacts	 (Pampel	 et	 al.	 2005).	 However,	 it	 was	 not	 possible	 to	







Chapter	 4	 showed	 the	modifications	 that	 were	made	 to	 the	 Alternating	 Pulsed	 Gradient	
Stimulated	Echo	(APGStE)	pulse	sequence	to	achieve	an	improvement	in	the	SNRs	of	PFG	NMR	





which	 will	 be	 discussed	 further	 in	 chapter	 7.	 Therefore,	 the	 ideal	 scenario	 is	 to	 conduct	
experiments	with	systems	which	possess	long	!"	and	!/	relaxation	times,	thereby	allowing	
longer	 observation	 and	 echo	 times	 to	 be	 selected	 in	 the	 pulse	 sequence	 respectively,	 to	
prevent	relaxation	times	from	significantly	hindering	diffusometry.	The	manner	in	which	non	
spin-half	 (quadrupolar)	 nuclei	 may	 be	 used	 to	 observe	 such	 improvements,	 as	 well	 as	
improvements	in	experimental	time	frames	of	which	examples	are	shown	in	section	6.5,	has	
also	been	described	 in	 the	 literature.	 This	 is	 because	 line	broadening	 and	 relaxation	 time	





































X = G232Y3 9<G −Z/T/'2 ∆ + 32 V −	T3 E/ + ∆ + V − T3 ./ ∆ + V E.+ T T" − T/ V . + E W1 + 43 V_W1/	 6.1	
	
where	X	 is	the	echo	attenuation	[a.u.],	Z	 is	the	1H	gyromagnetic	ratio	[rad	s-1	T-1],	E	 is	the	


















































All	 gaseous	 guest	 molecules	 were	 adsorbed	 onto	 the	 zeolite	 powders	 using	 the	 sample	
preparation	 method	 outlined	 in	 chapter	 4,	 and	 the	 loadings	 were	 determined	 using	 the	
procedure	 outlined	 therein.	 In	 the	 case	 of	 the	 co-adsorbed	 species,	 the	 weaker	 sorption	
molecule	was	 the	 first	 to	 be	 adsorbed	 into	 the	 zeolite	 bed.	Differences	 in	 the	number	 of	
protons	in	all	binary	systems	were	accounted	for	in	order	to	make	a	meaningful	comparison	
between	molecules	with	varying	numbers	of	protons.	All	ethane	and	propane	signals	were	




prepared	 by	 submerging	 the	 pellets	 in	 water	 for	 a	 period	 of	 24	 hours.	 The	 pellets	 were	















Additionally,	 two	 self-diffusion	 coefficients,	 2.6	 ×	 10-6	 m2	 s-1	 and	 1.8	 ×	 10-6	 m2	 s-1,	






Binary	sample	 àâ	[ms]	 àä	[ms]	 D	[m2	s-1]	
CH4	 144	±	1	 36	±	1	 2.6	±	0.01	×	10-6	
C2H6	 567	±	3	 46	±	1	 1.8	±	0.40	×	10-6	
	
As	mentioned	 in	 section	6.2,	 the	ability	 to	 chemically	 resolve	 two	different,	albeit	 similar,	








is	 due	 to	 an	 enhancement	 in	 adsorption	 and	 therefore	 magnetic	 susceptibility	 effects	 in	
comparison	 to	 gas	 phase	 hydrocarbons	 adsorbed	 in	 β-zeolite,	 which	 therefore	 prevents	
unique	species	identification.	The	same	conundrum	applies	to	small	pore	systems,	whereby	
considerably	enhanced	levels	of	confinement	results	in	(increasingly)	significant	background	
gradient	 effects.	 This	 therefore	 results	 in	 short	 !/∗	 relaxation	 times	 which	 prohibitively	
broaden	 the	 peak	widths	 of	 the	 species	 under	 investigation	 to	 a	 similar	 extent,	 for	 both	
gaseous	and	liquid	phase	guest	molecules	alike.	
It	 was	 possible	 to	 chemically	 resolve	 binary	 methane-ethane	 samples	 co-adsorbed	 in	 β-
zeolite,	 in	 both	 the	 pulse	 acquire,	 relaxometry	 and	 diffusometry	 experiments.	 Figure	 6.4	






both	 species	 were	 clearly	 directly	 identifiable	 without	 the	 need	 for	 performing	 peak	
deconvolution	and/or	further	peak	analysis.	The	individual	linewidths	of	75	Hz	and	90	Hz	for	















Figure	 6.6	 also	 shows	 that	 the	 x-coordinates,	 which	 give	 an	 indication	 of	 the	 order	 of	






















displacement	 studies,	 experimental	or	 simulation	 centric,	which	 characterise	 self-diffusion	
coefficients	as	emphasised	in	chapter	5.	Similar	to	the	results	shown	in	chapter	5,	the	long-
range	and	intra-diffusion	coefficients	of	both	species	decreased	with	increasing	pressure.	The	
intra-diffusion	 coefficients	 were	 determined	 using	 the	 solely	 PFG	 NMR	 based	 method	
introduced	in	the	aforementioned	chapter.	The	Root	Mean	Squared	Displacements	(RMSDs),	
ranging	from	41	-	210	µm,	exceeded	the	crystallite	size	of	the	zeolite.	Therefore,	an	increase	
in	 the	 long-range	 diffusion	 coefficients	 was	 observed	 in	 both	 species	 with	 decreasing	
pressure,	as	molecular	mobility	as	a	 function	of	 loading	was	dictated	by	 the	 inter-particle	
populations.	With	 increasing	pressure,	 the	calculated	 intra-diffusion	coefficients	of	ethane	
decreased	to	a	greater	extent	in	comparison	to	its	long-range	counterpart.	This	implies	that	
















This	 is	 because	 methane	 was	 displaced	 by	 ethane	 and	 therefore	 it	 was	 not	 impeded	 by	
adsorption.	Reductions	 in	 the	 long-range	and	 intra-diffusion	coefficients	of	methane	were	


















































in	 the	 PFG	 NMR	 experiment	 to	 characterise	 the	 two	 components	 separately.	 The	 1H	
resonance	frequency	was	reported	at	90	MHz,	the	maximum	gradient	amplitude	used	was	








Similar	 to	 the	 gas	 phase	methane-ethane	mixture,	 gas	 phase	methane-propane	mixtures	
were	 separated	 in	 pulse	 acquisition,	 diffusometry	 and	 relaxometry	 experiments	 with	





























































As	discussed	 in	 chapters	 4	 and	5,	 guest	molecules	 adsorbed	 in	both	 large	 and	 small	 pore	
zeolites,	regardless	of	their	phase	or	affinity	to	the	solid	material	surface,	suffer	from	short	!/ 	






















SNRs	 and	 reduce	 experimental	 acquisition	 times.	 This	 will	 enable	 longer	 echo	 times	 and	
longer	gradient	pulse	durations	to	be	selected	in	future	PFG	NMR	experiments,	to	achieve	




capable	 of	 attenuating	 completely	 within	 the	measurement’s	 capabilities	 and	 possess	!/ 	









the	 spectral	 linewidth	 [Hz].	 Thus,	when	 subjected	 to	 identical	magnetic	 fields,	 nuclei	with	
smaller	gyromagnetic	ratios	are	expected	to	have	longer	!/	and	!/∗	relaxation	time	constants	
compared	to	nuclei	with	larger	gyromagnetic	ratios.	The	gyromagnetic	ratio	of	the	2H	nucleus	




1!/ = 1!/∗ + Zã1	 6.2	
∆q = 1s!/∗	 6.3	
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On	 the	 one	 hand,	 replacing	 conventional,	 protonated	 liquid	 reactants	 with	 deuterated	
solvents	 may	 be	 discouraged	 in	 some	 transient	 industrial	 operations	 which	 attempt	 to	
characterise	 diffusion	 limited	 steps	 in	 real-world	 chemical	 reactions.	 This	 is	 due	 to	 the	























The	 !"	and	 !/	relaxation	 times	 also	 followed	 the	 trend	 described	 in	 the	 literature,	 as	
summarised	in	table	7	(Callaghan	1993):	
Table	7	-	Summary	of	linewidths	and	relaxation	times	of	both	nuclei.	
Liquid	in	alumina	pellets	 Linewidth	[Hz]	 àâ	[ms]	 àä	[ms]	 àä∗ 	[ms]	
H2O	 431	 1565	±	1	 6	±	1	 0.12	
D2O	 60	 473	±	1	 32	±	1	 0.84	
	
Therefore,	 since	 the	 results	 for	 this	 model	 system	 were	 promising,	 guest	 molecules	 and	















of	 the	 two	 gases	 by	 showing	 differences	 in	 relaxation	 times,	 rather	 than	 drawing	 any	







the	 deuterated	 species	 were	 greater	 than	 their	 protonated	 counterparts,	 which	 is	 an	
opposing	 trend	 compared	 to	 the	 model	 system.	 This	 is	 thought	 to	 arise	 from	 the	




4.	 In	 addition,	 the	 correlation	 plots	 are	 positioned	 on	 the	 diagonal	 and	 therefore	!"	 was	
approximately	equal	to	!/	in	both	instances,	as	shown	in	figure	6.13.	A	1H	!/	relaxation	time	
of	126	ms	implies	that	adequate	SNRs	and	signal	attenuation	may	be	observed	in	PFG	NMR	
experiments.	 However,	 bulk	 methane	 was	 selected	 to	 observe	 the	 manner	 in	 which	 it	
behaved	 in	 a	 bulk	 system	 and	 adsorbed	 in	 a	 heterogeneous	 system	 by	 comparison.	
Significantly	larger	probability	distributions	were	observed	for	CD4	compared	to	CH4.	This	is	









the	deuterated	sample	was	observed	as	 shown	 in	 figure	6.14,	 this	 time	by	a	 factor	of	12:		
47	ms	compared	to	4	ms.	The	!"	 relaxation	time	increased	by	a	factor	of	7.	However,	this	









an	 increase	 in	 their	 respective	!/	 relaxation	 times	when	 compared	with	 their	 protonated	
counterparts.	Therefore,	the	intended	aim	of	this	study	was	met	to	a	reasonable	degree	of	










Light	 olefins	 served	 as	 excellent	 candidates	 for	 studying	 the	 molecular	 displacement	
behaviour	of	binary	systems	both	 in	 the	bulk	gas	and	adsorbed	phase	 in	b-zeolite.	Binary,	
methane-ethane	mixtures	 also	enabled	excellent	 chemical	 shift	 resolution	 to	be	observed	
using	 conventional	 “pulse	 acquire”	NMR	 spectroscopy.	 The	 long-range	 and	 intra-diffusion	
coefficients	of	methane	were	faster	than	those	of	ethane	and	were	in	reasonable	agreement	
with	their	single	component	counterparts	shown	in	chapter	5.	It	was	not	possible	to	achieve	
adequate	 chemical	 shift	 resolution	 in	 the	 binary	methane-propane	 systems,	 due	 to	 these	
adsorbed	molecules	possessing	shorter	!/	and	!/∗	relaxation	times,	which	caused	excessive	
spectral	line	broadening.	
The	 use	 of	 gaseous	 deuterated	 guest	 molecules	 confined	 in	 (micro)	 porous	 materials	 in	
diffusometry	experiments	presented	an	intriguing	avenue	for	analysing	the	molecular	motion	
of	molecules	with	short	relaxation	times	for	both	single	and	two-component	systems.	This	is	
because	 improvements	 in	 !/	 relaxation	 times	 were	 observed	 in	 comparison	 to	 their	
protonated	analogues	of	equivalent	pressures.	Future	studies	may	involve	the	use	of	strongly	
adsorbing	 deuterated	 species	 such	 as	 ammonia	 adsorbed	 in	 small	 pore	 geometries.	




















Chu,	 X.Z.,	 Cheng,	 Z.P.,	 Zhao,	 Y.J.,	 Xu,	 J.M.,	 Li,	M.S.,	 Zhou,	 L.,	 Lee,	 C.H.,	 (2015).	Adsorption	
dynamics	of	hydrogen	and	deuterium	in	a	carbon	molecular	sieve.	Sep.	Purif.	Technol.	146:	
168-175.		
D’Agostino,	 C.,	 Mitchell,	 J.,	 Mantle,	 M.D.,	 Gladden,	 L.F.,	 (2014).	 Interpretation	 of	 NMR	

















Morris,	G.A.,	Barjat,	H.,	 (1997).	Methods	 for	 structure	elucidation	by	high	 resolution	NMR.	
Elsevier.	





Snurr,	 R.Q.,	 Kärger,	 J.,	 (1997).	 Molecular	 simulations	 and	 NMR	 measurements	 of	 binary	
diffusion	in	zeolites.	J.	Phys.	Chem.	B.	101:	6469-6473.	
Sørland,	G.H.,	(2014).	Dynamic	Pulsed	Field	Gradient	NMR.	Springer.	







Tian,	P.,	Wei,	Y.,	Ye,	M.,	Liu,	Z.,	 (2015).	Methanol	 to	Olefins	 (MTO):	 from	fundamentals	 to	
commercialisation.	ACS	Catal.	5:	1922-1938.	










This	 chapter	 describes	 the	 use	 of	 the	 modified	 Pulsed	 Field	 Gradient	 Nuclear	 Magnetic	
Resonance	(PFG	NMR)	pulse	sequence	introduced	in	chapter	4.	The	pulse	sequence	is	used	to	
study	 the	 self-diffusion	 of	 both	weakly	 and	 strongly	 adsorbing	molecules,	 in	 a	 small	 pore	
chabazite	structure	and	 its	phosphorylated	analogue:	SAPO-34.	Similarities	are	seen	 in	the	
molecular	displacement	behaviours	for	both	sorbate	molecules	as	a	function	of	loading	up	to	













The	 self-diffusion	 coefficients	 of	 the	 systems	 discussed	 in	 this	 chapter	 were	 all	 less	 than		
2	´	 10-10	m2	 s-1.	 Additionally,	 the	 associated	Root	Mean	 Squared	Displacements	 ($%&'s)	
were	all	significantly	smaller	than	the	crystallite	size	of	the	pure	chabazite	structure	(11.3	µm)	
and	SAPO-34	(29.3	µm).	Therefore,	intra-diffusion	coefficients	were	directly	obtained	for	each	
sample	 from	 the	 PFG	 NMR	 data	 (and	 were	 thus	 not	 calculated),	 as	 the	 molecular	
displacements	were	confined	to	single	zeolite	crystallites.	As	a	result,	no	molecular	exchange	
occurred	 in	 the	 zeolite	 bed	during	 the	observation	 times	used	 in	 this	 thesis,	 as	 the	 guest	
molecules	did	not	exit	the	zeolite	crystallites.	The	$%&'s	were	calculated	using	Einstein’s	





effects	 of	molecular	 loading	on	displacement	 lengths.	Due	 to	 the	 geometry	of	 small	 pore	
chabazite	structures,	diatomic	gaseous	molecules	are	generally	selected	to	study	adsorption	
and	molecular	displacement	behaviour	as	reported	in	the	literature	(Hedin	et	al.	2008).	This	















Literature	 studies	have	shown	 that	 conventional	 chabazite	 is	used	 in	 industrial	operations	
such	 as	 dehydration,	 Selective	 Catalytic	 Reduction	 (SCR)	 and	 air	 purification/separation	
processes	(Shang	et	al.	2012;	Wang	et	al.	2017).	Its	phosphorylated	analogue,	SAPO-34,	is	also	
extensively	 used	 in	 chemical	 reactions	 such	 as	Methanol-to-Olefin	 (MTO)	 processes.	 This	
material	has	shown	particularly	enhanced	selectivity	to	 light	olefin	products	whilst	 limiting	








chabazite	 geometry,	 as	 it	 is	 a	 smaller	 zeolite	 structure.	 The	 result	 of	 obtaining	 small	 self-
diffusion	coefficients	 in	PFG	NMR	diffusometry	experiments	 is	 that	short	 length-scales	are	
probed	within	the	geometry	in	which	the	molecules	are	confined.		
The	zeolites	discussed	in	this	chapter,	which	belong	to	the	same	framework,	possess	 large	
crystallite	 sizes:	11.3	µm	and	29.3	µm	 for	pure	chabazite	and	SAPO-34	 respectively.	 For	a	
displacement	 length	 which	 is	 less	 than	 the	 size	 of	 the	 zeolite	 geometry,	 whereby	 the	
crystallite	 size	 is	 used	 as	 a	 reference	 as	 it	 is	 representative	 of	 the	 interconnected	 cage	








do	 not	 sufficiently	 travel	 a	 far	 enough	 distance	 to	 exit	 the	 crystallite,	 intra-diffusion	








































X = G232Y3 9<G −Z/T/'2 ∆ + 32 V −	T3 E/ + ∆ + V − T3 ./ ∆ + V E.+ T T" − T/ V . + E W1 + 43 V_W1/	 7.2	
where	X	 is	the	echo	attenuation	[a.u.],	Z	 is	the	1H	gyromagnetic	ratio	[rad	s-1	T-1],	E	 is	the	



















(SNR)	 associated	 with	 each	 measurement,	 whilst	 dealing	 with	 experimental	 time	 frames	



















the	 presence	 of	 silica,	 alumina,	 and	 phosphate	 molecules	 (whereby	 this	 particular	
microporous	material	derives	its	name	from	its	elemental	content).	The	zeolite	was	used	in	
the	H-form.	X-ray	Diffraction	(XRD)	studies	also	confirmed	that	the	crystalline	structure	was	
that	 of	 SAPO-34.	 The	 presence	 of	 crystallite	 imperfections,	 as	 well	 as	 non-acidic	 silanol	
groups,	 may	 serve	 as	 additional	 resistance	 barriers	 to	 reaction	 and	 molecular	 transport	
processes.	This	may	influence	the	interpretation	of	molecular	displacement	behaviour(s),	as	
it	can	accentuate	surface	contributions	which	add	to	this	resistance	(Yarulina	et	al.	2016).	The	






Elemental	 analysis	 performed	 on	 the	 chabazite	 materials	 using	 X-ray	 Photoelectron	
Spectroscopy	 (XPS)	 showed	 that	 the	 zeolites	possessed	a	high	 surface	alumina	 content.	A	
(Si/Al)	ratio	of	2	for	the	chabazite	structures	gave	rise	to	a	highly	hydrophilic	surface,	which	is	
a	conventional	(microporous)	zeolite	property	(Piera	et	al.	1998).	As	a	result,	the	sample	was	

































aforementioned	 IGA	 instrument	 and	 ammonia	 sorption	 was	 carried	 out	 using	 a	
Quantachrome	manometric	physisorption	analysis	instrument.	The	sorption	pressures	used	
for	methane,	ethane	and	ammonia	ranged	from	0	to	1.8	bar,	0	to	0.2	bar	and	0	to	1.3	bar	
respectively.	 These	 sorption	 pressures	 could	 not	 be	 exceeded	 due	 to	 safety	 concerns	
associated	with	the	pipework	connecting	the	gas	cylinders	to	the	adsorption	instruments.	As	
shown	in	table	2,	the	adsorption	pressures	of	the	guest	molecules	adsorbed	in	the	chabazite	
structures	during	 the	 sample	preparation	 stage	prior	 to	 the	PFG	NMR	experiment	did	not	

















7.5	 and	 7.6	 respectively,	 the	 extrapolated	 isotherms	 for	 ethane	 and	 ammonia	 exhibit	
considerably	 lower	 saturation	 pressures	 than	methane,	 therefore	 chabazite	 is	 particularly	
adept	at	capturing	such	molecules	within	reasonable	pressure	ranges,	and	compares	well	with	
literature	data	(Barrer	and	Ibbitson	1944)	under	similar	isothermal	conditions.	The	saturation	
pressure	 of	 ethane	 was	 lower	 than	 that	 of	 ammonia	 as	 it	 is	 a	 larger	 molecule.	 The	
extrapolated	 saturation	 pressures	 for	 all	 guest	 molecules	 studied	 were	 higher	 than	 the	








7.5.1.	 Single	 component	 self-diffusion	 of	 methane,	 ethane	 and	 ammonia	 in	
chabazite	structures	
The	guest	molecules	described	in	this	chapter	to	study	self-diffusion	in	chabazite	structures	
are:	 methane,	 ethane	 and	 ammonia.	 Despite	 the	 differing	 sorption	 capabilities	 of	 these	
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molecules,	 the	 !/	 relaxation	 times	 were	 all	 less	 than	 5	 ms,	 and	 the	 spectral	 linewidths	
exceeded	1000	Hz	in	each	instance.	As	a	result,	significant	signal	averaging	was	required	in	
most	PFG	NMR	experiments	to	achieve	SNRs	which	were	(at	least)	greater	than	100.	
Figure	 7.7	 shows	 that	 the	 intra-diffusion	 coefficients	 of	 single	 component	 methane	 and	
ethane	 adsorbed	 in	 SAPO-34	 increase	 with	 increasing	 hydrocarbon	 loading,	 which	 defies	













The	 same	 trends	 were	 observed	 for	 methane	 adsorbed	 in	 pure	 chabazite	 and	 are	
summarised,	 along	 with	 the	 methane	 and	 ethane	 results	 in	 SAPO-34,	 in	 figure	 7.8.	 This	











zeolites	 with	 different	 geometric	 dimensions,	 and	 with	 increasing	 guest	 molecule	
hydrocarbon	chain	 length.	 In	those	 instances,	conventional	molecular	displacement	trends	










that	 there	was	a	strong	concentration	dependence	of	ammonia	sorption	 in	 (medium	pore	
sized)	ZSM-5	structures,	which	possess	a	pore	diameter	of	approximately	5.5	Å.	An	example	
of	this	trend	is	shown	in	figure	7.10.	Therefore,	since	an	identical	trend	was	observed	for	both	
species,	 it	 implies	 that	 molecule-surface	 and	 molecule-molecule	 interactions	 have	 a	









which	 typically	 do	not	 exceed	6	Å,	 despite	 their	 affinity	 to	 the	 surface	by	which	 they	 are	




















An	 alternative	 argument	 emphasising	 the	 impact	 of	 the	 zeolite	 surface	 has	 also	 been	
proposed,	whereby	it	is	thought	that	the	presence	of	silanol	artefacts	on	the	internal	zeolite	





since	 the	 saturation	 pressure	 of	 ammonia	 was	 significantly	 lower	 than	 that	 of	 methane.	
Therefore,	any	effects	of	approaching	methane	saturation	could	not	be	observed	using	the	
procedures	outlined	in	this	thesis.	Whilst	the	saturation	pressure	of	ethane	was	lower	than	
that	of	ammonia	 in	chabazite,	 the	maximum	adsorbed	phase	pressure	 in	the	flame	sealed	
tube	for	ethane	corresponded	to	7%	of	the	zeolite	maximum	cage	capacity,	as	opposed	to	
13%	 for	 ammonia.	 Consequently,	 the	 effects	 of	 this	 phenomenon	 on	 self-diffusivity	were	
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more	 noticeable	 for	 ammonia.	 Figure	 7.12	 shows	 the	 echo	 attenuations	 for	 ammonia	





It	 is	 plausible	 that	 this	 behaviour	 was	 observed	 in	 relatively	 low	 molecular	 loadings	 in	
chabazite,	 compared	 to	 higher	 loadings	 in	 ZSM-5	 reported	 in	 the	 literature,	 as	 chabazite	
possesses	a	smaller	internal	geometry	and	thus	requires	fewer	molecules	to	reach	saturation	
(Li	et	al.	2007).	It	was	not	possible	to	further	increase	the	adsorbed	pressure	of	both	the	small	








for	 single	 component	methane	 and	 ammonia	 in	 SAPO-34,	 conventional	 kinetic-molecular	











transport	 through	 the	 cage	 structures	 and	 thus	 it	 was	 possible	 to	 overcome	 the	 energy	
barriers	for	transport	in	the	zeolite	geometry.	The	activation	energies	of	diffusion,	å6,	were	
13.0	and	5.1	kJ	mol-1	 for	 the	ammonia	and	methane	respectively,	which	suggests	 that	 the	
enhanced	 adsorption	 of	 ammonia	 was	 a	 significant	 barrier	 to	 molecular	 mobility	 in	
comparison	 to	methane.	 The	å6	 values	were	 obtained	 from	Arrhenius	 plots	 by	 using	 the	
Arrhenius	equation:	






























CH4	in	SAPO-34	 175	 0.13	 1.9	±	0.01	×	10
-10	
	 73	 0.03	 8.0	±	0.01	×	10
-11	
	 56	 0.02	 6.5	±	0.01	×	10
-11	
	 52	 0.01	 5.7	±	0.02	×	10
-11	
C2H6	in	SAPO-34	 146	 0.070	 5.4	±	0.01	×	10
-11	
	 13	 0.006	 6.2	±	0.10	×	10
-12	
	 10	 0.005	 5.1	±	0.06	×	10
-12	
	 8	 0.004	 4.3	±	0.10	×	10
-12	
CH4	in	chabazite	 172	 0.08	 1.7	±	0.03	×	10
-11	
	 104	 0.05	 1.2	±	0.40	×	10
-11	
	 91	 0.04	 1.0	±	0.01	×	10
-11	
NH3	in	chabazite	 1519	 0.65	 2.3	±	0.03	×	10
-11	
	 898	 0.38	 2.7	±	0.01	×	10
-11	
	 155	 0.07	 7.2	±	0.20	×	10
-12	



















CH4	in	SAPO-34	 1.9	×	10-10	 20	 2.8	
C2H6	in	SAPO-34	 5.4	×	10-11	 20	 1.5	
CH4	in	chabazite	 1.7	×	10-11	 20	 0.8	




















measurement	 capabilities	 of	 the	 spectrometer.	Due	 to	 the	 sample	 possessing	 a	 short	!/	



































PFG	 NMR	 was	 used	 to	 study	 the	 diffusion	 of	 ammonia	 and	 small	 hydrocarbon	 gases	 in	
chabazite	structures	at	variable	molecular	loadings.	In	each	instance,	it	was	found	that	the	




occupy	 vacant	 acid	 sites	 which	 led	 to	 surface	 coverage,	 whilst	 the	 centres	 of	 the	 zeolite	
cavities	 remained	 unoccupied.	 An	 increase	 in	molecular	 loading	 resulted	 in	 an	 enhanced	
dominance	 of	 adjacent	 inter-molecular	 interactions,	 as	 cage	 structures	 and	 small	 pore	
structures	are	thought	to	promote	the	repulsion	of	identical	molecules	due	to	their	proximity.	
However,	 a	 decrease	 in	 diffusivity	 was	 observed	 at	 the	 highest	 loading	 of	 ammonia	 in	
chabazite.	 This	 compared	well	with	 theory	 proposed	 in	 the	 literature,	whereby	 the	 intra-
diffusion	coefficients	of	guest	molecules	confined	in	alternative	microporous	zeolites	were	
modelled	 using	 kinetic	 theory	 simulations.	 The	 RMSDs	 calculated	 in	 each	 system,	 in	
conjunction	with	the	large	zeolite	crystallites	used,	resulted	in	the	characterisation	of	intra-
diffusion	 coefficients,	 with	 a	 Gaussian	 distribution	 of	 molecular	 displacements.	 This	 was	
supported	by	linear	echo	attenuation	plots.	The	gas	sorption	isotherms	showed	that	ethane	
and	ammonia	strongly	adsorbed	onto	 the	chabazite	surface,	 resulting	 in	 rapid	pore	 filling,	
with	methane	approaching	saturation	at	considerably	higher	pressures.	Ammonia	was	found	
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with	 a	maximum	gradient	 strength	of	 0.16	 T	m-1,	which	 is	 based	 at	 the	 Johnson	Matthey	
Technology	Centre	(JMTC),	for	conducting	PFG	NMR	measurements.	Whilst	this	instrument	is	
typically	 designed	 for	 liquid	 phase	 NMR	 spectroscopy,	 the	 single	 and	 two-component	
adsorbed	phase	samples	introduced	in	chapters	5	and	6	were	used	to	perform	this	feasibility	
study.	 The	 instrument’s	 capability	 with	 respect	 to	 characterising	 the	 relaxation	 and	 self-
diffusion	constants	of	bulk	gases	is	also	investigated.	Transferring	the	techniques	developed	
using	a	300	MHz	spectrometer	to	a	lower	field	strength	provides	JMTC	with	the	capability	of	
using	an	 in-house	method	 for	characterising	molecular	 transport	 in	porous	materials.	This	
enables	off-line	molecular	displacement	measurements	 to	be	made	 for	 complex	and	 real-
world	 systems	 in	 a	 matter	 of	 minutes.	 Hence,	 the	 need	 for	 outsourcing	 materials	 and	























to	 differences	 in	 magnetic	 susceptibility	 between	 guest	 molecules	 and	 their	 host	 porous	
media,	 which	 leads	 to	 field	 heterogeneities	 in	 pore	 geometries,	 which	 in	many	 instances	
negatively	influences	the	rate	of	decay	of	the	transverse	NMR	signal	(Hürlimann	1997).	PFG	
NMR	has	previously	been	used	in	the	literature	using	a	20	MHz	spectrometer	to	study	the	
diffusion	 of	 bulk	 water	 using	 a	 spin	 echo	 pulse	 sequence,	 where	 it	 was	 possible	 to	
approximately	obtain	a	10%	attenuation	in	signal	(Métais	and	Mariette	2003).	
Performing	 NMR	 measurements	 at	 varying	 Larmor	 frequencies	 to	 characterise	 the	
longitudinal	 relaxation	 properties	 of	 bulk	 and	 heterogeneous	 systems	 is	 at	 the	 crux	 of	
techniques	 such	 as	 fast	 field	 cycling	 NMR	 (Korb	 2001).	 Such	 techniques	 are	 capable	 of	
accurately	 characterising	 both	 the	 chemical	 and	 physical	 properties	 of	 biological	 systems,	
Chapter	8		 NMR	relaxometry	and	diffusometry	at	43	MHz	
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rock	 cores	 and	 Magnetic	 Resonance	 Imaging	 (MRI)	 contrast	 agents,	 amongst	 other	
applications.	This	is	achieved	by	rapidly	cycling	through	a	range	magnetic	field	strengths	to	
observe	 changes	 in	 the	 rotation	 rates	 of	 molecules	 such	 as	 proteins	 which	 display	
unconventional	behaviour	when	contacted	with	liquid	and	solid	interfaces	(Steele	et	al.	2014).	
A	typical	example	of	 the	variation	 in	the	 longitudinal	 relaxation	time	as	a	 function	of	 field	
strength,	 often	 referred	 to	 as	 an	 NMR	 dispersion	 profile,	 is	 shown	 in	 figure	 8.1.	 In	 this	










Utilising	 benchtop	 NMR	 spectrometers	 to	 study	 molecular	 displacements	 of	 molecules	
adsorbed	 in	 microporous	 zeolites	 is	 an	 intriguing	 concept,	 given	 the	 typically	 prohibitive	
parameters	 required	 for	 measurements	 in	 such	 systems.	 Consequently,	 high	 field	
superconducting	magnets	with	high	(pulsed)	magnetic	field	strength	capabilities	are	generally	
used	to	track	the	signal	attenuation	of	molecules	adsorbed	in	(micro)	porous	materials.	The	













A	Magritek	 43	MHz	 benchtop	 spectrometer	 which	 has	 flow-through	 capabilities	 to	 study	
transient	 systems	was	 used	 to	 conduct	NMR	 spectroscopy,	 relaxometry	 and	 diffusometry	
experiments	 involving	 the	 zeolite	 materials	 introduced	 in	 previous	 chapters.	 Weakly	
adsorbing	species	confined	in	microporous	zeolites	were	ideal	candidates	to	study	diffusion	
behaviour	at	low	field	strengths	using	PFG	NMR,	as	weak	gradient	strengths	were	required	





















spectrometer	 operating	 at	 a	 1H	 resonance	 frequency	 of	 43	MHz.	 All	measurements	were	
taken	at	299	K,	with	a	precision	of	±	0.1	K.	
A	 conventional	 Pulsed	 Gradient	 Stimulated	 Echo	 (PGStE)	 pulse	 sequence	 introduced	 in	
chapter	2,	was	used	in	each	PFG	NMR	experiment.	Due	to	time	constraints,	the	experiments	
were	not	 repeated	 in	order	 to	estimate	 the	experimental	error.	However,	 a	 coefficient	of	
determination	 (R2)	which	exceeded	0.98	was	obtained	 in	each	 instance.	 Tables	1	 shows	a	
















































Subsequently,	 individual	 diffusion	 coefficients	 and	 relaxation	 times	 were	 obtained	 by	
integrating	separately	across	both	peaks,	as	demonstrated	in	chapter	6.	Figure	8.4	shows	the	
typical	!"	 inversion	recovery	and	!/ 	CPMG	plots	obtained	for	the	gas	phase	samples	using	
binary	 methane-ethane	 gas	 as	 an	 example,	 with	 gas	 pressure	 of	 0.54	 and	 0.25	 bar	
















coefficients	 of	 methane	 and	 propane	 were	 precise	 to	 within	 10%	 of	 their	 high	 field	












Sample	 àâ	[ms]	 àä	[ms]	 D	[m2	s-1]	
CH4:250	mbar	 34	 32	 1.2	×	10-5	
500	mbar	 77	 69	 5.7	×	10-6	
1000	mbar	 85	 75	 3.0	×	10-6	
C2H6:	100	mbar	 90	 55	 2.0	×	10-5	
250	mbar	 265	 183	 8.1	×	10-6	
500	mbar	 471	 321	 4.7	×	10-6	
1000	mbar	 579	 400	 2.3	×	10-6	
Binary	CH4-C3H8:110	mbar	CH4	 107	 91	 4.3	×	10-6	












































The	 echo	 attenuation	 plots	 of	 single	 component	 methane	 and	 ethane	 resembled	 those	
obtained	 from	 the	 high	 field	 measurements	 with	 similar	 long-range	 coefficients,	 once	
operating	 temperature	 differences	 were	 accounted	 for.	 The	 only	 differences	 in	 the	 echo	
attenuation	appearances	were	the	values	of	the	x-	and	y-coordinates,	due	to	the	maximum	
gradient	limitations	of	the	low	field	spectrometer.	As	shown	in	figure	8.8,	the	!"	relaxation	
constants	 of	 the	 heterogeneous	 systems	 were	 longer	 at	 lower	 field	 strengths	 due	 to	











































CH4:	0.09	 -	 642	 -	 12.0	 1.3	×	10-6	 1.1	×	10-6	
0.11	 -	 611	 -	 11.2	 9.0	×	10-7	 8.7	×	10-7	
0.18	 458	 557	 128	 9.0	 5.0	×	10-7	 4.8	×	10-7	
0.25	 105	 153	 72	 8.1	 3.2	×	10-7	 2.3	×	10-7	
0.34	 83	 125	 60	 7.5	 2.8	×	10-7	 1.9	×	10-7	
C2H6:	0.28	 493	 1391	 62	 0.9	 4.5	×	10-8	 3.7	×	10-8	
0.34	 242	 377	 36	 0.8	 3.2	×	10-8	 2.7	×	10-8	
0.40	 143	 215	 32	 0.4	 2.5	×	10-8	 2.2	×	10-8	
	








/$ = 	 1!$(2) = 	4256 + 8	 8.1	
where	/$	 is	the	longitudinal	relaxation	rate,	2	 is	the	Larmor	frequency	and	A,	b	and	C	are	










The	!"	 relaxation	constants	of	 the	adsorbed	phase	CH4	and	C2H6	on	 the	other	hand	were	
longer	at	43	MHz	than	at	300	MHz,	as	transverse	signal	decay	due	to	molecular	diffusion	and	
associated	 internal	 gradients	 are	more	prominent	 at	 higher	 field	 strengths.	 This	 is	 due	 to	
increased	 susceptibility	 effects,	which	 has	 a	 negative	 impact	 on	 spin-spin	 relaxation	 rates	
(Korb	and	Bryant	2002;	Wilson	and	Hürlimann	2006).	With	respect	 to	 the	adsorbed	phase	
C2H6,	a	 larger	 increase	 in	 the	!"	 relaxation	 time	was	observed	 in	comparison	 to	CH4:	by	a	
factor	of	 72	 compared	 to	 a	 factor	of	 14	 respectively.	 This	 is	 because	C2H6	had	a	 stronger	
interaction	with	the	zeolite	surface	and	was	therefore	more	vulnerable	to	internal	gradient	
and	magnetic	susceptibility	effects.	At	both	 field	strengths,	 the	!$	and	!"	 relaxation	times	
decreased	with	 increasing	pressure.	This	 is	due	to	an	 increase	 in	the	number	of	molecules	
























for	 both	 species.	 An	 example	 of	 an	 echo	 attenuation	 plot	 for	 0.05	 and	 0.02	 mol	 kg-1	 of	
methane	 and	 ethane	 co-adsorbed	 in	 β-zeolite	 respectively	 is	 shown	 in	 figure	 8.12.	 Signal	
attenuations	and	long-range	diffusion	coefficients	which	were	comparable	to	those	at	higher	
field	 strengths	 were	 achieved.	 The	 long-range	 diffusion	 coefficient	 of	 ethane,	 9.0	 ×	 10-8		
m2	s-1,	and	methane,	8.0	×	10-7	m2	s-1,	at	43	MHz	were	of	the	same	order	of	magnitude	as	the	
300	MHz	measurements:	 8.9	 ×	 10-8	m2	 s-1	 and	 3.6	 ×	 10-7	m2	 s-1	 for	 ethane	 and	methane	
respectively.	The	former	was	nearly	identical	to	its	high	field	counterpart,	whereas	the	latter	










as	 chabazite,	 it	 was	 possible	 to	 obtain	 a	 signal	 from	 the	 pulse	 acquisition	 experiment,	 in	
addition	to	performing	relaxometry	experiments	to	obtain	!$	and	!"	 relaxation	times.	The	
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correlating	 the	 relaxation	 corrected	 bulk	 gas	 phase	 signal	 intensities	 to	 gas	 pressure.	
Reductions	in	echo	times	were	made	to	the	conventional	APGStE	pulse	sequence	to	improve	
the	 SNRs	 of	 systems	 which	 possessed	 short	 !"	relaxation	 times.	 Using	 unequal	 bipolar	
gradient	 amplitudes	 did	 not	 have	 a	 positive	 impact	 on	 the	 SNRs	 of	 the	 adsorbed	 phase	























pore	 β-zeolite	 materials	 from	 long-range	 diffusion	 coefficients	 typically	 observed	 in	 such	




with	 increasing	 molecular	 loading	 and	 increasing	 hydrocarbon	 chain	 length.	 Variable	
observations	time	experiments	were	conducted	to	characterise	non-exchanging	and	various	





























the	 smaller	 gyromagnetic	 ratio	 of	 the	 2H	 nucleus	 in	 comparison	 to	 the	 1H	 nucleus.	
Subsequently,	similar	experiments	were	conducted	involving	CH4	and	CD4	adsorbed	phase	in	
chabazite	 and	 in	 the	 bulk	 gas	 phase.	 Significant	 improvements	 were	 observed	 in	 the	!"	relaxation	 times	 of	 the	 deuterated	 isotopes,	which	 presented	 an	 intriguing	 avenue	 for	
future	 work	 involving	 deuterated	 ammonia,	 which	 will	 be	 described	 in	 the	 summary	 of	
chapter	7.	Additionally,	the	use	of	deuterated	guest	molecules	enables	variable	temperature	
NMR	 to	 be	 performed.	 Therefore,	 the	 spectral	 line	 shapes,	 associated	 jump	 diffusion	









PFG	 NMR	 was	 used	 to	 study	 the	 molecular	 dynamics	 of	 weakly	 adsorbing	 methane	 and	
strongly	adsorbing	ethane	and	ammonia	in	a	large	crystallite	pure	chabazite	structure	and	its	
phosphorylated	 analogue:	 SAPO-34.	 The	 intra-diffusion	 coefficients	 unconventionally	
increased	with	increasing	molecular	loading,	up	to	a	certain	point,	for	all	guest	molecules	due	
to	 the	 constricting	 cage	 structure	 of	 the	 chabazite	 framework.	 A	 decrease	 in	 the	 intra-
diffusion	 coefficient	 of	 ammonia	 adsorbed	 in	 chabazite	 was	 eventually	 observed	 at	 the	
highest	 loading.	 The	 observed	 trends	 compared	 well	 with	 experimental	 and	 simulated	
literature	data	for	similar	molecules	adsorbed	in	analogous	structural	geometries.	The	RMSDs	
obtained	in	each	instance	were	smaller	than	the	crystallite	sizes	of	the	zeolites	and	therefore	
intra-diffusion	 coefficients	 were	 characterised	 for	 all	 systems	 studied.	 Insufficient	 signal	
attenuation	was	observed	for	ammonia	adsorbed	in	SAPO-34	in	the	diffusometry	experiments	
using	the	maximum	pulsed	gradient	amplitudes	and	durations,	up	to	a	temperature	of	343	K.	
It	 was	 therefore	 deemed	 immobile	 under	 these	 conditions	 due	 to	 the	 presence	 of	
phosphorous	 in	the	zeolite	framework	resulting	 in	a	significantly	potent	acid-base	surface-
sorbate	interaction.		
As	 shown	 in	 chapter	 6	 in	 which	 water	 and	 methane	 were	 used	 as	 examples,	 replacing	
protonated	guest	molecules	that	are	of	industrial	relevance	with	their	deuterated	analogues	
yielded	promising	 results	with	 respect	 to	obtaining	 longer	!"	relaxation	 times.	Deuterated	
ammonia	 therefore	 presents	 as	 a	 potential	 candidate	 for	 performing	 future	 diffusometry	
experiments.	This	is	because	the	advantages	of	increased	SNRs	due	to	longer	!"	relaxation	
times	presents	the	opportunity	to	study	systems	which	cannot	be	characterised	with	1H	PFG	
















Excellent	 chemical	 shift	 resolution	was	possible	 for	 the	binary	 gas	phase	methane-ethane	
systems,	whereas	poor	 resolution	was	obtained	 for	 the	co-adsorbed	methane-ethane	and	











The	 vacuum	 line	 and	 all	 connected	 glassware	 is	 evacuated	 prior	 to	 commencing	 the	
calibration	experiment.	Since	the	volumes	of	the	manifold,	the	NMR	tube	and	the	arm	which	
connects	the	two	are	known,	a	range	of	known	pressures	(0.025	-	1.3	bar)	is	introduced	into	










The	 experiments	 are	 repeated	 with	 the	 calibration	 bulb,	 with	 similar	 trends	 observed.	



























/CDEFGHIJ	KILLCKGCM	NO/	PHQJED = RJKILLCKGCM	NO/	PHQJED	CFA5 "S"T 	 A2	
where	G	is	equal	to	half	the	echo	time	(0.50	ms)	and	!	is	equal	to	the	!"	time	constant	of	the	
sample	(0.93	ms).	
/CDEFGHIJ	KILLCKGCM	NO/	PHQJED = 2.21	×	10$X	CFA5 "	×	X.YX"	×	X.Z[ 																																																																	= 	3.8	×	10$X	 A3	
























number,	Nd:	 							N = J	×	Nd																																																		= 2.43	×105Y	×	6.02	×10"[																							= 1.46	×10$Z	
A6	
The	number	of	unit	cells	 in	the	zeolite	bed	is	determined	using	the	mass	of	the	zeolite	
powder,	b,	 which	 is	 0.1	 g,	 the	 molecular	 weight	 of	 the	 zeolite,	Of,	 which	 is	 3845		




































signal,	S	[a.u.]	oEP	AℎEPC		 4.04	×	10Z		 = 	CFA − 2×2.52×	4.62 	= 0.58	 qrst =
oEP	PHQJED!"	uCHQℎGHJQ	= 6.95	×	10Z	



























Parameter	 Value	 Comments	OCEJ	|zy}r	[b"	P5$]	 1.13	×	105c	 −	OCEJ	|rst	[b"	P5$]	 3.49	×	105Y	 −	4PPgbCM	GILGgIPHG	 1	 −	|{}SxÄ 	[b"	P5$]	 3.49	×	105Y	 −	vCIDHGC	hCM	ℎCHQℎG, ℎ	[bb]	 12	 −	ÇJJCL		GghC	MHEbCGCL, L	[bb]	 1.5	 −	
qEbADC	PAEKC	BIDgbC	[bÉ]	 0.085	 qAEKC	IKKgAHCM	h		ÑCIDHGC	hCM	HJ	NO/	GghC	= 	ÖL"ℎ	vCIDHGC	MCJPHG	[Q	b5[]	 1508558	 −	OEPP	Ii	ÑCIDHGC	[Q]	 0.09	 −	_IDgbC	Ii	ÑCIDHGC	[bÉ]	 0.060	 =	 ÑCIDHGC	bEPPÑCIDHGC	MCJPHG	×10c	vCIDHGC	BIDgbC: PEbADC	PAEKC	BIDgbC		LEGHI, Ü	[−]	 0.704	 qIDHM	iLEKGHIJ	HJ	GghC	_IHM	PAEKC	HJ	ÑCIDHGC	hCM	LCQHIJ, à	[−]	 0.296	 1 − BIDgbC	LEGHI 	
	 A{}SxÄ = 	 qrst	×	àqwxyz{Sx 	
A{}SxÄ = 	6.95	×	10Z	×	0.2961.49	×	10$$ 		= 	0.014	
A10	
	 |{}SÄs = |zy}r − A{}SxÄ|{}SxÄ1 − A{}SxÄ 	












F = 	EhK 	
%F = 	 äFäE äE " + äFäh äh " + äFäK äK "	
%F = 	 h"K" %E" + E"K" %h" + E"h"Kã %K"	
%F = 	 E"h"K" %E"E" + %h"h" + %K"K" 	
%F = 	 EhK %E"E" + %h"h" + %K"K" 	
%F = 	F %E"E" + %h"h" + %K"K" 	
A12	
Addition	rule	 F = 	2E + h + K	
%F = 	 äFäE äE " + äFäh äh " + äFäK äK "	








%F = 	 1E − 1 h + K ã × E$




Parameter	 Assigned	parameter	 Value	E	 à	 0.296	h	 qrst	 6.95	×	10Z	K	 qwxyz{Sx 	 1.49	×	10$$	M	 |{}SxÄ 	 3.49	×	105Y	C	 |zy}r5Äs}rx 	 1.13	×	105c	E$	 åLLIL	HJ	PIDHM	iLEKGHIJ	CPGHbEGC	 0.070	h$	 qrst	PGEJMELM	MCBHEGHIJ	 1.00	×	10ç	K$	 qwxyz{Sx	PGEJMELM	MCBHEGHIJ	 7.28	×	10ç	M$	 |rst	PGEJMELM	MCBHEGHIJ	 4.71	×	105Z	C$	 |zy}r5Äs}rx	PGEJMELM	MCBHEGHIJ	 7.02	×	105ç	
	
%F = 	
10.296 − 1 6.95	×	10Z + 1.49	×	10$$ ã ×0.070" 6.95	×	10Z " 1.49	×	10$$ " 3.49	×	105Y − 1.13	×	105c " +0.296 − 1 " 6.95	×	10Z " 7.28	×	10ç " 3.49	×	105Y − 1.13	×	105c " +0.296 − 1 " 6.95×	10Z " 4.71	×	105Z " 0.296 − 1 6.95	×	10Z + 1.49	×	10$$ "+ 0.296 − 1 " 1.00	×	10ç " 1.49	×	10$$ " 3.49	×	105Y − 1.13	×	105c "+ 1.49	×	105$$ " 7.02	×	105ç " 0.296 − 1 6.95	×	10Z + 1.49	×	10$$ "
	 	
	 = 1.41	×105â	b"	P5$	






The	effective	mean	free	path	for	a	gas,	ê,	in	the	sealed	5	mm	tube	is	calculated	as	follows:	1ê = 	 1M{}SxÄ + 1êrst	 A15	
where	M{}SxÄ 	is	the	effective	diameter	of	the	inter-crystalline	space	and	êrst	is	the	mean	
free	path	in	the	bulk	gas	phase.	The	latter	is	given	by:	
êrst = 	 /!2ÖM"Nd^	 A16	
where	/	 is	the	gas	constant	[J	mol-1	K-1],	!	 is	the	temperature	[K],	M	 is	the	diameter	of	
the	diffusing	species	[m],	Nd	 is	Avogadro’s	number	[mol-1]	and	^	 is	the	pressure	of	the	
gas	[J	m-3].	For	a	gas	pressure	of	150000	J	m-3:	
êrst = 	 8.314	×	2942Ö 4	×	105$X "	×	6.022	×	10"[×	150000	 	= 	3.81	×	105ç	b	 	
Assuming	a	M{}SxÄ 	which	is	of	the	same	order	of	magnitude	as	the	crystallite	size,	10	µm,	
the	effective	mean	free	path	is:	
ê = 	 11	×	10Y + 13.81	×	105ç 5$	 	

















































		 v = 	14 JB	 A17	
	
where	J	is	the	number	of	molecules	per	unit	volume,	B.		
